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The folded structure of a protein is stabilized by many, but relatively weak, interactions and is
consequently subjected to conformational fluctuations that occur either locally or globally and at various
timescales. There are ample examples in the literature, showing how such fluctuations are important for
proteins to perform physiological functions. However, experimentally capturing conformational
transitions that take place at a specific region of the protein, and are relevant to function, is challenging.
This is especially true for experiments using spectroscopy based techniques, since intrinsic
spectroscopic signals arising from natural amino acids often lack site specificity, due to spectral
overlapping, degeneracy, and coupling, or insensitivity to environmental changes. To overcome this
limitation, a common practice is to introduce one or multiple external spectroscopic probes into the
protein systems of interest. However, the introduction of any foreign moiety, except an isotopic label, into
a protein, will unavoidably perturb its native structure and dynamics. To minimize such perturbations, it is
imperative to use probes that are structurally similar to the existing scaffold, such as unnatural amino
acids (UAAs). Therefore, in this thesis we describe the utility of several UAAs as site-specific
spectroscopic probes as well as their applications in the study of various chemical and biophysical
problems. Specifically, we demonstrate that - 1) several nitrile containing aromatic moieties can serve as
site-specific infrared and circular dichroism probes, useful to interrogate the hydration status, stability and
structure of proteins, among other applications; 2) the fluorescence property of the fluorophores in both
5-cyanotryptophan and 7-cyanotryptophan is sensitive to hydration, making them useful as protein local
fluorescence reporters; 3) the carbonyl stretching vibration of 4-oxoproline exhibits a sensitive
dependence on its local electrostatic environment, hence can be used to study the structure and
dynamics of individual proline residues in proteins; and 4) the UAA, methyl ester of Aspartic Acid, not only
has unique infrared utilities but also facilitates the formation of α-sheet in amyloid fibrils.
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ABSTRACT
DEVELOPMENT OF UNNATURAL AMINO ACID BASED SPECTROSCOPIC PROBES FOR
CHEMICAL AND BIOLOGICAL APPLICATIONS

Debopreeti Mukherjee
Dr. Feng Gai

The folded structure of a protein is stabilized by many, but relatively weak, interactions and is
consequently subjected to conformational fluctuations that occur either locally or globally and at
various timescales. There are ample examples in the literature, showing how such fluctuations are
important for proteins to perform physiological functions. However, experimentally capturing
conformational transitions that take place at a specific region of the protein, and are relevant to
function, is challenging. This is especially true for experiments using spectroscopy based
techniques, since intrinsic spectroscopic signals arising from natural amino acids often lack site
specificity, due to spectral overlapping, degeneracy, and coupling, or insensitivity to
environmental changes. To overcome this limitation, a common practice is to introduce one or
multiple external spectroscopic probes into the protein systems of interest. However, the
introduction of any foreign moiety, except an isotopic label, into a protein, will unavoidably
perturb its native structure and dynamics. To minimize such perturbations, it is imperative to use
probes that are structurally similar to the existing scaffold, such as unnatural amino acids
(UAAs). Therefore, in this thesis we describe the utility of several UAAs as site-specific
spectroscopic probes as well as their applications in the study of various chemical and biophysical
problems. Specifically, we demonstrate that - 1) several nitrile containing aromatic moieties can
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serve as site-specific infrared and circular dichroism probes, useful to interrogate the hydration
status, stability and structure of proteins, among other applications; 2) the fluorescence property
of the fluorophores in both 5-cyanotryptophan and 7-cyanotryptophan is sensitive to hydration,
making them useful as protein local fluorescence reporters; 3) the carbonyl stretching vibration of
4-oxoproline exhibits a sensitive dependence on its local electrostatic environment, hence can be
used to study the structure and dynamics of individual proline residues in proteins; and 4) the
UAA, methyl ester of Aspartic Acid, not only has unique infrared utilities but also facilitates the
formation of α-sheet in amyloid fibrils.
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1 Introduction
1.1 Studying protein folding
Proteins are biological macromolecules consisting of monomeric units called amino acids.
Depending on the amino acid sequence present, proteins can fold into three-dimensional, unique
structures and the folded forms of individual proteins are often responsible for diverse
physiological functions.1 The protein folding process in vivo can occur cotranslationally, when
the nascent protein comes out of the ribosome.2–4 Moreover, since a folded, stable protein is often
held together by weak, non-covalent interactions that dictate both the secondary and tertiary
structure of the protein, it can thus be subjected to conformational fluctuations on a local and
global scale.5 These dynamic fluctuations, caused by changes in the environment, such as
alterations in temperature, solvent interactions or macromolecular crowding, can affect the
thermodynamic stability of a protein across various domains.6–12 The changes in protein stability
can then trigger unfolding/refolding processes, which again are essential for the protein in order
to achieve the conformationally correct, desired fold, often needed for a specific biological
function.
While molecular chaperones exist in cells to aid in the protein folding process, 2 proteins
can still misfold in vivo, thereby leading to the formation of β-sheet rich aggregates that exist in
the form of plaques or amyloid fibrils.13–16 The misfolded proteins do not have definite
physiological functions, and the resultant aggregates, stabilized either by hydrophobic
interactions or backbone hydrogen bonding, once deposited in the brain, can give rise to
neurodegenerative diseases such as - Alzheimer’s, Parkinson’s and Huntington’s diseases.13,17,18
Misfolded protein aggregates can also be found in the liver thereby impairing the functions of the
organ, and amyloid fibrils are even found to cause Type II diabetes.19,20 Thus, it is important to
clearly understand the relationship between the structure, function and dynamics of a folded
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protein, in order to gain an insight about its conformational energy landscape. While all-atomic
simulations are needed to investigate the native contacts in protein folding, it can still be
computationally expensive.21,22 It is also hard to experimentally decipher the global folding
process of a complex protein system, as a large number of degrees of freedom are present.23
Furthermore, the existence of various timescales of motion in protein folding, 23–26 corresponding
to different types of interactions occurring within a protein,27–29 can make the global study of
protein dynamics quite complicated. The details of a few spectroscopic techniques that are
frequently utilized to get an overall picture of protein folding are discussed below. This is
followed by a discussion on the utilities of site-specific probes that can be used to report on local
interactions and conformational changes occurring within a protein.

1.2 Spectroscopic techniques to study protein folding on a global level
To obtain a description of the conformational energy landscape of a protein, both from a folding
as well as a functional perspective, experimental techniques are required to elucidate the
environment, dynamics, structure, and stability of proteins.
Some of the common spectroscopic techniques that have been used earlier for global
protein folding studies include - 1) Fourier Transform Infrared (FTIR) spectroscopy,30,31 2)
Fluorescence spectroscopy,32,33 3) Nuclear Magnetic Resonance (NMR) spectroscopy – both
liquid and solid state (for studying aggregates),34,35 4) X-ray diffraction spectroscopy to study
amyloid aggregates,36 5) X-ray scattering measurements,37 6) Circular Dichroism (CD)
measurements,38 7) UV-Vis spectroscopy to measure concentrations of proteins,4 and 8) electron
microscopic techniques such as cryo-electron microscopy.39 None of these methods are without
disadvantages. While microscopic techniques and X-ray diffraction spectroscopy provide a high
structural resolution,40,41 other methods such as NMR spectroscopies offer temporal resolution34
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on a millisecond timescale. Methods such as NMR also require large amounts of protein sample
in milliomolar concentrations42 compared to fluorescence spectroscopy32 that requires samples in
the micromolar concentration range. Thus, keeping both the advantages and limitations of these
spectroscopic techniques in mind, these techniques can be used either in conjunction or
individually depending on the question that needs to be addressed. A few examples of how some
of these techniques can be used to study the global folding process of a protein are discussed
below.
CD spectroscopy is a spectroscopic method where the electronic transitions in a protein
are widely used to determine - 1) the secondary structure and 2) the thermodynamic stability of
proteins. The spectral features of a protein in the far-UV range (ca. 190 – 260 nm) can change
depending on its secondary structure, and this phenomenon is utilized by CD spectroscopy to
delineate - a) conformational changes, and b) thermodynamics associated with protein folding.
For instance, a folded protein having a predominantly α-helical structure has two negative bands
of similar intensity in the CD spectrum (209 and 222 nm). However, upon unfolding, the CD
spectrum of the protein is dominated by a negative band centered at ca. 200 nm. Therefore,
information on the stability of the protein can be obtained by monitoring a protein’s CD signal at
222 nm, as a function of either - 1) increasing protein denaturant concentration or 2) a rise in
temperature.43
Similarly, in FTIR spectroscopy, the amide backbone units formed by the dehydration
reaction of the amine and carboxylic acid groups present in two adjacent amino acids within a
protein,44 undergo vibrational coupling to form the amide I band. The position and width of this
FTIR band is commonly used to interrogate changes in the overall fold of a protein.45
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1.3 Site-specific spectroscopic probes to understand protein folding
Apart from the internal CD and FTIR probes which are used to report on the global folding
process of a protein, organic molecules and large proteins are often used as external fluorescence
probes to gain local information.46 One such example of an organic molecule is 1-anilinonaphthalene-8-sulfonate (ANS). ANS has been extensively used to study different folding
intermediates in the protein folding pathway using stopped-flow fluorescence methods. This
molecule has a preferential tendency to bind to β-sheet regions and other hydrophobic regions
within proteins and thus can provide an insight on the kinetics of protein folding.46 On the other
hand, large and bright fluorescent proteins, such as the Green Fluorescent Protein (GFP) and its
derivatives (Yellow Fluorescent Protein, Enhanced GFP, and Enhanced Blue Fluorescent
Protein)47–49 can also serve as external probes46 and these proteins can be co-expressed inside
cells.50 GFP and its derivatives have large extinction coefficients, high quantum yields47,48 and
together these probes have absorptions and emissions in a wide spectral range.51,52 Hence, these
properties led to the development of a wide variety of GFP-based fluorescence reporters, which
has been utilized for imaging purposes to monitor protein-protein interactions and protein
folding.46–50
The CD, FTIR and fluorescence probes thus discussed so far, although useful, cannot
effectively account for local fluctuations within a protein because - 1) the signal either arises from
the underlying vibrational or electronic couplings occurring at various sites throughout the protein
backbone (internal probes) or 2) they induce significant perturbations in the protein structure
(external probes, such as GFP). Therefore, in order to get relevant, site-specific information in
proteins, from the above mentioned techniques, spectroscopic signals in proteins that are sensitive
to local environmental changes are needed. One way to achieve this goal is through the insertion
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of site-specific reporters in different regions of the protein, as these reporters having relevant
electronic transitions/vibrational modes can then provide local details.
Certain characteristics are needed for a site-specific reporter to be useful –
1. Small size and ease of incorporation, thereby causing minimal perturbations to the
structure and function of the protein in question.
2. Having a detectable response to changes in the external environment (change in
solvation/hydration, polarity, and changes in the local electrostatic field).
3. Bearing a high molar extinction coefficient (IR probe) and brightness (fluorescence
probe; here brightness is a product of molar extinction coefficient and quantum yield), so
that low sample concentrations are required.
4. Having a discernible signal in a spectrally non-congested region.
5. Fluorescent probes that can be selectively excited even in the presence of other
fluorescent moieties present in the protein, in order to gain site-specific information.
Keeping all these criteria in mind, the past two decades have seen the development of unnatural
amino acid (UAA) based probes, which are able to - 1) impart site-specificity and 2) exhibit
sensitivity to changes in the local environment of proteins.53–64 In virtue of their spectroscopic
properties, these probes are able to effectively address a variety of biophysical problems, ranging
from - interactions of proteins with other proteins and ligands,65–67 hydrogen bonding dynamics
within proteins,27,28,68 changes in local electric field and hydration,69–71 and formation of
misfolded protein aggregates such as amyloid fibrils.72,73 Moreover, when a native amino acid is
replaced with an UAA of a similar size, structure and functionality, large-scale perturbations are
not induced in the structure and function of the protein under study.53 Thus, to incorporate UAAs
in proteins, methods, both genetic and chemical, have been developed. These methods include –
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1) peptide synthesis (solid-phase),54,57 2) native chemical ligation,74 3) post-translational
modifications,75 and 4) genetic incorporation by means of amber codon suppression.60,76,77
Owing to the distinct structure of the backbone present in proteins, there is very little
scope of chemically modifying the backbone. However, a diverse set of moieties having
differences in terms of acidity, polarity, size and aromaticity, constitute the side chains of the
various amino acids within a protein. Consequently, protein side chains offer a much larger scope
of modification, and this concept has been utilized by biologists and chemists alike, leading to the
development of side chain based UAA probes, including the ones that have been developed in the
Gai Lab, with an extensive array of spectroscopic properties.27,53–57,59–71,75,76,78–97 A few of these
probes that are frequently used for IR, CD and fluorescence measurements are listed in Table 1.1.

1.4 Thesis overview
This thesis aims to expand the existing library of UAA based spectroscopic probes and their roles
in investigating the heterogeneous environments associated with proteins and aqueous-organic
binary mixtures.
The first half of the thesis includes the applications of nitrile containing aromatic amino
acids and their side-chain based derivatives as site-specific probes that can report on the local
environment. Thus, we utilize these probes along with different spectroscopic techniques to
understand –
1. The state of hydration around proteins (Fluorescence study)
2. Tertiary structure and conformational changes in proteins (CD study)
3. Mechanism of action of osmolytes in protein stability/denaturation (Two studies
involving IR and fluorescence measurements)
6

4. Heterogeneity in aqueous-organic binary mixtures (Fluorescence study).
The second half of the thesis includes the development and applications of two non-aromatic
amino acid based probes, namely –
1. The methyl ester of Aspartic acid, which has facilitated the formation of α-sheet, an
unique conformation in an amyloid fibril (IR and microscopy study)
2. 4-oxoproline, the carbonyl stretching vibration of which has been used to investigate the
local electrostatic environment (IR study).
Finally, we demonstrate how the FTIR band corresponding to the nitrile vibration of benzonitrile,
can be used to understand the temperature-induced changes in the hydrogen bonding behavior of
water, in the presence of different anions.
At the onset of this thesis, Chapter 2 briefly describes the theoretical background of the
various spectroscopic techniques that are used in conjunction with the UAA based probes to
investigate problems pertaining to protein folding and binary mixtures.
In Chapter 3, we demonstrate the potential of 5-cyanotryptophan (TrpCN), as a sitespecific, fluorophore that is capable of investigating - 1) the hydration status of proteins, 2) the
microheterogeneity present in an aqueous-organic binary mixture and 3) binding interactions
between a protein and a membrane. We conclude that TrpCN, compared to its natural counterpart
tryptophan, can offer an enhanced sensitivity to hydration. This conclusion is drawn based on the
quantum yield, fluorescence lifetime values, and the emission maxima of Trp CN obtained in a
multitude of solvents. Therefore, from these measurements we find that Trp CN exhibits a
significant change in its photophysical properties depending on the polarity of its immediate
environment.
In Chapter 4, we explore the possibility of using the exciton coupling phenomenon of
TrpCN and another nitrile containing UAA called 4-cyanophenylalanine (PheCN), to probe protein
7

tertiary structure via CD spectroscopy. The exciton coupling bands discussed in the chapter
originates when a pair of TrpCN or PheCN side chains are proximally located in a protein with a
specific orientation. The excited state transition dipole moments of these chromophores can then
couple with each other creating a bisignate coupling band in the CD spectrum, where the couplets
have the potential to probe changes in protein conformation, as the sign and amplitude of the
signal depends on the orientation and distance between the two chromophores. The exciton
coupling bands corresponding to TrpCN is considerably red-shifted compared to Tryptophan,
thereby avoiding any possible overlap with the secondary structure bands arising from the
backbone of the protein. Moreover, the specific π→π* electronic transition that is responsible for
exciton coupling, has a greater extinction coefficient for TrpCN compared to tryptophan.
In Chapters 5 and 6, we further expand upon the utilities of the nitrile group in TrpCN and
PheCN as infrared probes to understand the mechanisms of action of osmolytes in protein stability.
Chapter 5 deals with the investigation of the effects of ionic osmolytes such as guanidinium
(Gdm+) and tetrapropylammonium (TPA+) cations on protein stability, as the underlying
mechanisms involving a range of interactions (ion-ion, protein–ion and ion-solvent interactions)
are not easy to delineate. Here we offer a microscopic insight on the interactions of Gdm+ and
TPA+ with UAAs such as TrpCN and PheCN present in peptide sequences, by using FTIR, twodimensional infrared (2D-IR) spectroscopy and steady state fluorescence measurements. From
our findings, we arrive at the conclusion that TPA+, unlike Gdm+, preferentially interacts with
aromatic amino acid side chains and stabilizes peptides at a lower concentration. Furthermore,
TPA+ can also form aggregates beyond a concentration of 1.3 M and can therefore destabilize
peptides by disrupting interactions that are hydrophobic in nature.
In Chapter 6, we again utilize the infrared properties of the nitrile stretching frequency of
TrpCN, and PheCN and the carbonyl vibration of an UAA, namely the methyl ester of glutamic acid
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(EM), to delve into the mechanisms of action of non-ionic protein denaturants such as urea and
methylated urea derivatives. While methylation of urea promotes further interactions between the
denaturant molecule and the TrpCN, and PheCN side chains present in the protein, the preferential
nature of these interactions increases as the number of methyl substituents increase within the
denaurant. Tetramethylurea in particular can destroy the hydrophobic interactions present
between two aromatic UAAs in a protein.
Cyanotryptophan derivatives have recently garnered a lot of attention owing to their
fluorescent properties and their potential as biological fluorophores. Hence, in Chapter 7, we
discuss our findings from a fluorescence solvent study performed on all the cyanoindole
derivatives, cyanoindole (side chain of cyanotryptophan) being the fluorophore present in
cyanotryptophan. From the data collected from the steady state and time-resolved fluorescence
measurements, the following major conclusions are drawn – 1) 2-cyanoindole and 3-cyanoindole
were not found to be particularly fluorescent; 2) 4-cyanoindole emits fluorescence in the blue
region and has a long fluorescence lifetime (ca. 9 ns) in water, thereby making it an excellent
candidate for biological applications; 3) the fluorescence lifetime of 7-cyanoindole exhibits a
strong dependence on the hydrogen bonding environment around the probe; and 4) similar to 4cyanoindole, 7-cyanoindole also absorbs at a longer wavelength (ca. 308 nm compared to 270 nm
for indole), thereby allowing it to be selectively excited in presence of other tryptophan based
fluorophores.
In Chapter 8, we have shown that 7-cyanoindole can have practical applications beyond
the realms of biology, by using it as a hydration probe to provide insights into the underlying
microheterogeneity present in nine aqueous-organic binary mixtures. Here, we have demonstrated
that the fluorescence intensity, emission maximum and fluorescence lifetime of 7-cyanoindole
changes upon altering the mole fraction of organic solvent present in the binary mixtures.
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Furthermore, the dependence of the fluorescence intensity and emission maximum of 7cyanoindole on the mole fraction of the organic component present in the binary mixture, helped
us identify the concentration of the organic solvent where maximum microheterogeneity is
present.
Unlike α-helices and β-sheets, α-sheets are not considered as common secondary
structures in proteins. While theoretical simulations had earlier predicted the possibility of having
α-sheets in amyloid oligomers or fibrils, no experimental evidence was obtained so far. In
Chapter 9, by combining a myriad of spectroscopic tools including IR spectroscopy (linear and
two-dimensional), CD measurements and microscopy (AFM and TEM), we reveal the possibility
of α-sheets coexisting alongside β-sheets in amyloid fibrils formed by a mutant of the TTR105-115
peptide, called TTRL111Dm where the Leucine residue at position 111 is mutated to an UAA, 4methyl ester of Aspartic acid (DM).
In Chapter 10, we explore 4-oxoproline, a ketone analogue of proline, the canonical
amino acid responsible for the stability and binding of certain proteins associated with signaling
events. Herein we investigate how upon incorporating 4-oxoproline in a protein, the stretching
vibration of the carbonyl group can be used as a reporter to monitor changes in the local
electrostatic environment. The local electric field around the probe can be further modulated by
changing the charge density at different positions of the peptide backbone. Moreover, to
demonstrate the potential of this UAA, we use the frequency of the carbonyl vibrational mode of
4-oxoproline to report on - 1) the thermodynamics behind the cis-trans isomerization of proline
and 2) amino acid dimer formation taking place in concentrated solutions of glycine and proline.
In Chapter 11, we employ the nitrile vibration of benzonitrile, an aromatic molecule
structurally similar to the UAA, PheCN, as an infrared probe to investigate the thermodynamics of
the interactions present between the anions included in the Hofmeister series and water. For that
purpose, we first deconvolute the FTIR band corresponding to the nitrile stretching frequency of
10

benzonitrile in different aqueous salt solutions, into two Gaussian profiles. Then we monitor the
changes in the integrated areas under these bands over a range of temperatures, which can then
report on the equilibrium constant associated with the hydrogen-bonded benzonitrile to free
benzonitrile transition. Further we calculate the enthalpic, entropic and free energy changes
corresponding to the transition and our findings allow us to show that a correlation exists between
the thermodynamic parameters calculated and the ranking of the anions shown in the Hofmeister
series.
To conclude, Chapter 12 provides a summary of the contents of this thesis along with
future directions for each project pursued.
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Name of UAA

Structure of UAA

Applications in spectroscopy

p-cyanophenylalanine55,76,98–103
IR, and Fluorescence

p-tolylthiocyanate104
IR

p-tolylselenocyanate104
IR

Cyanocysteine71,105

IR

5-cyanotryptophan79,106
IR, and Fluorescence

Phenylcyanate107
IR

Azidohomoalanine108–110

IR

p-azidophenylalanine100,111,112
IR
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Name of UAA

Structure of UAA

Applications in spectroscopy

p-methylacetophenone113,114
IR

Ester derivative of Aspartic and
Glutamic acid 69,115

IR

(Methyl-d3) methionine116

IR

Homocysteine117

13

C-labeled Aspartic acid118

IR

13

IR

4-nitrophenylalanine119
IR

4-cyanotryptophan57

Fluorescence

2-cyanophenylalanine120
Fluorescence
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Name of UAA

Structure of UAA

Applications in spectroscopy

7-azatryptophan120
Fluorescence

7-cyanotryptophan60
Fluorescence

β-(1-Azulenyl)-L-alanine121,122

Fluorescence

Acridon-2-ylalanine123,124

Fluorescence

Table 1.1 Commonly used UAA-based spectroscopic probes in chemical and biological
applications.
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2 Theory and Methods
2.1 Circular Dichroism Spectroscopy
Circular dichroism (CD) arises as a consequence of differential absorption of left and right
handed circularly polarized light by an optically active sample. The resultant radiation after
passing through the sample, is elliptically polarized and hence the CD signal is reported in terms
of the ellipticity angle (inverse tangent of the minor axis over major axis of the ellipse). 125 A CD
signal originates from electronic transitions from the ground state to the excited state of the
system under study. Thus, the main parameters monitored for a CD band in a spectrum are - the
bandwidth, the wavelength corresponding to maximum ellipticity (max), and the intensity
associated with max.126

2.1.1 CD spectroscopy in proteins
CD is a widely used technique in protein spectroscopy where electronic transitions occurring in a
protein backbone (amide group), in the far UV region, such as - 1) n→* transition at 220 nm, 2)
→* transition at 190 nm and 3) →* transition at 170 nm, have been used to study the
secondary structure content in polypeptides.127,128 Some of the common secondary protein
structures are α-helices, β-sheets and random coils (disordered structure). Each secondary
structure, having different non covalent interactions, yields a distinct protein conformation, which
can then give rise to unique spectral signatures in CD spectroscopy. For instance, the CD
spectrum of a β-sheet contains the following signatures – 1) a positive band at 195 nm,
corresponding to a →* transition and 2) a negative band at 216 nm, corresponding to an n→*
transition. Similarly, the n→* transition in α-helices gives rise to a negative signal at 222 nm,
while a dipole-dipole coupling between the two →* transitions leads to an exciton splitting in
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α-helices, thus creating two bands, a positive one at 192 nm and a negative band at 208 nm.
Additionally, proteins with a disordered structure only have a unique, negative CD band at 200
nm.127,128
The intensity of the CD signals corresponding to these transitions can change depending
on the environmental conditions around a protein, especially upon increasing temperature or
adding denaturants to the solution. Thus, the change in ellipticity of a CD band, at a particular
wavelength, can be utilized to tease out the thermodynamics of the folding process in a protein.
For example, if the ellipticity value of the negative band at 222 nm for an α-helix is monitored
with increasing temperature, then the resultant sigmoidal curve can be fitted to the following
equation corresponding to a two-state folding model.129,130
[𝛳](𝑇) =

[𝛳]u (𝑇)+𝐾𝑒𝑞 (𝑇)[𝛳]f (𝑇)

(2.1)

1+𝐾𝑒𝑞 (𝑇)

Here, [𝛳](𝑇) is the mean residue ellipticity or the net CD signal at 222 nm, [𝛳]u (T) and [𝛳]f (T)
are the mean residue ellipticity values of the unfolded state and folded state baselines
respectively, and 𝐾𝑒𝑞 (𝑇) is the temperature dependent equilibrium constant. All the mean residue
ellipticity values are temperature dependent and the baselines are considered to be linearly
dependent on temperature as per the equations shown below:
[𝛳]u (𝑇) = a + b𝑇

(2.2)

[𝛳]f (𝑇) = c + d𝑇

(2.3)

Here a, b, c and d are constants.
The equilibrium constant, 𝐾𝑒𝑞 (𝑇) can be further expressed in terms of thermodynamic
parameters, 𝛥𝐺 (change in free energy), 𝛥𝐻 (change in enthalpy) and 𝛥𝑆 (change in entropy), at
the melting temperature (𝑇𝑚 ), where 50% of the protein is in an unfolded state. Furthermore, 𝑇𝑚
can be expressed as 𝑇𝑚 =

𝛥𝐻
𝛥𝑆

and 𝛥𝐶𝑃 is referred to as the change in heat capacity for the

unfolding process.
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𝐾𝑒𝑞 (𝑇) = e

−𝛥𝐺(𝑇)
RT

(2.4)
𝑇

𝛥𝐺 (𝑇) = 𝛥𝐻 + 𝛥𝐶𝑃 (𝑇 − 𝑇𝑚 ) − 𝑇{𝛥𝑆 + 𝛥𝐶𝑃 𝑙𝑛 (𝑇 )}
𝑚

(2.5)

Therefore, by fitting the CD thermal melting curves to the two-state model, the melting
temperature of a protein (𝑇𝑚 ) can be determined.

2.1.2 Coupling between electronic transitions giving rise to CD signals
CD signatures originate from the coupling between electronic transition dipole moments in a
chromohore.126 Each electronic transition has an electric and a magnetic transition dipole
associated with it. While the electric transition dipole arises as a result of a linear displacement of
charge, the magnetic transition dipole exists due to a circular motion of the charge within the
chromophore. Furthermore, whether electronic transitions are allowed or forbidden that depends
on whether the corresponding electrical and magnetic transitions are allowed or not, and this
phenomenon is governed by the symmetry of the system under study. For instance, in simple,
centrosymmetric molecules, a transition can be either electrically allowed (large electric transition
dipole moment) or magnetically allowed (large magnetic transition dipole moment) but not both.
This rule however doesn’t hold for chirotopic molecules responsible for circular dichroism. In
fact, both transitions can be responsible for CD bands, since the simplest case involves a helical
displacement of charge that includes both the linear and circular displacement components. The
integrated area under a CD band which can be expressed as the rotational strength of band (𝑅), is
therefore directly proportional to the dot product of the electric (𝜇
⃗⃗⃗ ) and magnetic (𝑚
⃗⃗⃗⃗ ) transition
dipole moment vectors.131
𝑅 ∝ 𝜇
⃗⃗⃗ . 𝑚
⃗⃗⃗⃗

(2.6)

For large, complex, optically active molecules/chromophores, the CD spectrum can be easily
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interpreted, by dividing the molecule into various groups. Each group has its own set of electronic
transitions which are either electrically allowed (large ⃗⃗⃗⃗
𝜇 , small 𝑚
⃗⃗⃗⃗ ) or magnetically allowed
(small ⃗⃗⃗⃗
𝜇 , large 𝑚
⃗⃗⃗⃗ ) or has significant contributions coming from both dipoles. The transitions
across two groups can also undergo coupling, such as the μ-m coupling. This coupling takes place
when the dipole moment vectors corresponding to an electrically allowed transition and a
magnetically allowed transition, arising from different groups within the same chromophore
couple to each other. When the coupling is extended to two different chromophores, where one
has a electrical transition dipole moment that predominates and the other has a resultant magnetic
transition dipole moment, then the phenomenon is known as one-electron mixing. Similarly, the
coupling of dipole moments of two chromophores having electrically allowed transitions can also
be envisioned.131 This phenomenon is commonly called exciton coupling and one such scenario
where exciton coupling is observed in proteins, is described in the next section.

2.1.3 Exciton coupling in proteins
For amino acids having aromatic side chains (chromophores A and B), located in close proximity
(8 - 10 Å) and having a specific orientation, their electric transition dipole moments can strongly
interact, thereby splitting the energetically close excited states into two levels. These two levels
are created as a result of the in-phase and out of phase combination of the excited state energies
of the individual chromophores and the phenomenon is called exciton coupling. A bisignate CD
couplet is thus created and the rotational strengths (𝑅𝐴𝐵 ) associated with the transitions to the
newly formed energy levels are proportional to the distance between the chromophores (𝑟𝐴𝐵 ) and
their transition dipole moments, that are predominantly electric in nature, ⃗⃗⃗⃗
𝜇𝐴 and ⃗⃗⃗⃗
𝜇𝐵 .126
𝑅𝐴𝐵 ∝ ± ⃗⃗⃗⃗⃗⃗
𝑟𝐴𝐵 . ⃗⃗⃗⃗⃗
𝜇𝐴 × ⃗⃗⃗⃗⃗
𝜇𝐵

(2.7)
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Extinction coefficients (∆𝜀) corresponding to these transitions are directly proportional to
𝑅𝐴𝐵 and the splitting (𝑉𝐴𝐵 ) between the two newly formed energy levels.126 Assuming that 𝑉𝐴𝐵
can be expressed as a dipole-dipole interaction potential, the Δε values for the two transitions can
then be written in the form of the following equations.
∆𝜀 ∝ ± 𝑉𝐴𝐵 ⃗⃗⃗⃗⃗⃗
𝑟𝐴𝐵 . ⃗⃗⃗⃗⃗
𝜇𝐴 × 𝜇
⃗⃗⃗⃗⃗
𝐵
∆𝜀 ∝ ±

(2.8)

2 2
𝜇𝐴
𝜇𝐵
𝜃(𝑎, 𝑏, 𝑐)
2
𝑟𝐴𝐵

(2.9)

In equation (2.9), apart from the electric transition dipole moments, there is an interchromophoric
2
distance dependent term (𝑟𝐴𝐵
) between the two chromophores, and an orientation term θ,

consisting of angles - ‘𝑎’, ‘𝑏’ and ‘𝑐’. While angles ‘𝑎’ and ‘𝑏’ represent the angle between the
individual transition dipole moment vectors and 𝑟𝐴𝐵 , angle ‘𝑐’ represents the angle between ⃗⃗⃗⃗⃗
𝜇𝐴
and 𝜇
⃗⃗⃗⃗⃗
𝐵 . Now, if the two transition dipole moments are oriented in a way as shown in Figure 2.1,
then it would take a counterclockwise rotation to superimpose the dipole moment in the front on
to the one at the back. This would result in a negative extinction coefficient value for the
maximum wavelength component of the couplet. Thus, if the directions of the transition dipole
moment vectors are known for the interacting aromatic amino acid chromophores, the sign of the
exciton coupling band can be predicted. Additionally, based on the extinction coefficient value, it
is also possible to estimate the distance between the two aromatic amino acids, provided the
values and directions of their transition dipole moments are known.126
The transition dipole moments corresponding to a pair of tryptophan residues in proteins
have been found to couple with each other and form exciton coupling bands. Earlier studies have
shown that cross-strand Trp-Trp interactions can stabilize β-hairpin peptides132 and this
phenomenon has been used to probe short distances and conformational changes in a protein (tear
lipocalin).4
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2.2 Fluorescence Spectroscopy
Fluorescence is defined as the rapid emission of a photon from an excited singlet state to the
ground state of a molecule (also called fluorophore) and the average time taken for this emission
process to occur is known as the lifetime () of the fluorophore. While in steady-state
fluorescence measurements a fluorescence emission spectrum is generally measured, timeresolved fluorescence spectroscopy on the other hand, can reveal information regarding the
lifetime of the fluophore.133
In a steady state fluorescence emission spectrum, the emission of a fluorophore after
being excited at a particular wavelength is plotted against a range of wavelength values. From
these measurements, the spectral properties such as intensity, and emission maximum of the
system are obtained and these values are found to be highly dependent on the structure of the
fluorophore as well as the solvent environment surrounding it. Furthermore, the quantum yield
(QY) of a fluorophore is another important fluorescence property that can be calculated from a
fluorescence emission spectrum and it is defined as the ratio of photons emitted to the number of
photons absorbed. The QY value is an indicator of the brightness of a fluorophore and the higher
the QY, the brighter is the fluorophore.133
A method frequently used to measure the lifetime of fluorophores in time-domain
fluorescence spectroscopy is Time-Correlated Single Photon Counting (TCSPC). Here the sample
under investigation is first excited with a picosecond laser pulse and the emission of a single
photon is then detected. Currently, in modern TCSPC measurements, the photon detection rate is
1 photon per hundred laser excitation pulses, which is governed by the pile-up effect. Once the
time gap is measured between the excitation and the detection event (Δt), this process is then
repeated over a large number of cycles and stored in the form of a histogram (plot involving
number of photons detected vs. Δt). Consequently the exponential decay associated with the
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lifetime of the fluorophore can be obtained from the deconvolution of the distribution (histogram)
with the instrument response function. By fitting the decay curve to single (multiple) exponential
functions, the fluorescence lifetime value (values) associated with a particular sample can then be
extracted.133,134

2.2.1 Fluorescence spectroscopy in proteins
Out of the canonical amino acids, the amino acids having aromatic side chains such as
Tryptophan, Tyrosine and Phenylalanine, are inherently fluorescent. Tryptophan (Trp) in
particular is quite popular as a fluorescent probe of protein dynamics,135 owing to the following
reasons –
1. Trp is an amino acid present in biologically important sites.
2. Trp fluorescence is quite sensitive to the environment due to a large excited state dipole
moment (6 Debye) being present, and as a result, the width of the band in the emission
spectra changes by ~40 nm depending on the environment.
3. QY of Trp fluorescence is also not too low (0.14 in water).
4. The molar extinction coefficient values associated with the two main electronic
transitions at 280 nm, namely 1La and 1Lb transitions are also quite large.
However, as a fluorescence probe, Trp also has limitations, which makes analysis of experimental
results challenging. It is hard to do a quantitative assessment of the results obtained from Trp
fluorescence, owing to the existence of different mechanisms contributing to the excited state
decay of the indole chromophore (present in the side chain of Trp) as this ultimately leads to the
quenching of the fluorescence. For example, the peptide backbone can quench the fluorescence of
Trp through an excited state electron transfer mechanism whereas water/organic solvents or ions
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can also participate in the quenching process either through collision or through non-radiative
decay processes.135–139
Even though it is often viewed as a disadvantage, the tendency of Trp fluorescence to get
quenched easily can also be used to investigate the solvent accessibility of a specific Trp residue
present within the protein. However, in the case where multiple Trp residues are present within a
protein, it becomes hard to selectively excite a particular Trp residue in order to extract the
relevant site-specific information. Hence, to develop site-specific fluorescence probes with
improved photophysical properties (QY, fluorescence lifetimes, and emission maxima), several
unnatural Trp-based amino acids such as, 6- and 7-cyanotryptophan,60 7-azatryptophan,59 4- and
5-fluorotryptophan4,5 and 5-hydroxytryptophan4 have been previously explored. A tyrosine-based
amino acid, PheCN, has also been used as a fluorescence reporter, where the QY of this UAA
changes with a change in the hydrogen bonding environment around the nitrile group.94

2.3 Infrared (IR) Spectroscopy
IR spectroscopy is a technique that can be used to interrogate complex biological systems such as
proteins, in the spectral frequency range of 4000 - 200 cm-1.93 While the various vibrational
modes in proteins monitored through Fourier Transform Infrared Spectroscopy (FTIR), reveal
information about the structure and the global protein folding process in the steady state, twodimensional infrared spectroscopic studies (2D IR) provide valuable insight into protein
dynamics in the picosecond range.92 Moreover, the sample preparation for IR spectroscopic
measurements is not limited to solution phase but these measurements can also be performed
when a membrane bound protein sample is deposited on a solid surface (Attenuated Total
Reflectance Infrared Spectroscopy).91
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Since FTIR and 2D IR spectroscopic measurements are included in this thesis, the
experimental setup and basic principles associated with these two techniques are discussed below.

2.3.1 Fourier Transform Infrared (FTIR) Spectroscopy
In FTIR spectroscopy, a Michelson interferometer (Figure 2.2) is used to create an interferogram
of the sample under study and an inverse fourier transform operation is then performed on the
interferogram to generate the corresponding FTIR spectrum. To start with, a broadband infrared
radiation first hits a beam splitter, gets divided into two equal beams, one of which is directed
onto a stationary mirror whereas the other is directed onto a moving mirror. Ultimately both of
these beams are reflected back onto the beam splitter. The beam formed as a result of the
recombination is then focused on the sample and finally the beam leaving the sample reaches a
detector. Since the two initial beams emerging out of the beam splitter have to traverse different
path lengths in order to reach the stationary mirror and the moving mirror respectively (as the
moving mirror can change its position), an optical path difference (OPD) is created as a result.
This leads the beams to undergo destructive and constructive interference. Consequently, the
sample is subjected to various combinations of frequencies arising from this interference and
thus, an interferogram is generated.90 The interference intensity 𝐼(𝑥) has the largest value when
the OPD value is zero, as can be seen from the Fourier transform equation shown below.
∞

𝐼(𝑥) = ∫0 𝐼(𝜈) 𝑐𝑜𝑠(2𝑥𝜈) 𝑑𝜈

(2.10)

Here, 𝐼(𝜈) is the intensity of light, 𝑥 is the OPD and 𝜈 is the frequency.
Now, upon performing an inverse Fourier transform operation on equation (2.10),
∞

𝐼(𝜈) = ∫0 𝐼(𝑥) 𝑐𝑜𝑠(2𝑥𝜈) 𝑑𝑥
the FTIR spectrum as a function of frequency is obtained.
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(2.11)

For the FTIR spectra collected and shown in this thesis, two-compartment cells have been
used and these cells are created by placing Teflon spacers (56 μm thickness) between two CaF2
windows. One side of the cell hosts the buffer solution whereas the other side bears the sample
solution. This arrangement allows the collection of the buffer FTIR spectrum together with the
sample spectrum, and in turn aids in better background subtraction. For certain projects involving
the collection of temperature dependent FTIR spectra, the sample cell is placed on a stage, the
temperature of which can be changed using a thermostatically controlled water bath.90

2.3.2 Two-dimensional Infrared (2D IR) Spectroscopy
2D IR is a unique spectroscopic tool that effectively combines time resolution at an ultrafast scale
(femtosecond/picosecond) with appreciable bond-specific structural resolution to interrogate the
structural motions in biological systems such as proteins.92,68 By reporting on the vibrational
coupling and the redistribution of energy corresponding to vibrational transitions, this technique
provides novel information about the ultrafast dynamics - 1) occurring in protein folding,27,87,88 2)
found in interactions associated with transmembrane proteins,85,86 and 3) observed in dynamics of
water molecules present in amyloid fibrils.140
In order to collect a 2D IR spectrum though the photon echo method, femtosecond pulses
at 800 nm emitted by a Ti:sapphire oscillator is sent through a regenerative amplifier (Figure 2.3).
The laser pulses originating from the amplifier are then converted to frequencies at the near IR
region using a home-built optical parametric amplifier (OPA) and these pulses are finally sent
through a Difference Frequency Generator (DFG) to obtain pulses in the frequency range of 4-7
μm. Three laser pulses in a box-CARS geometry lying in this frequency range are then focused
on the sample with specific time delays between each pulse, where  is the delay time between
the first and second pulse and T is the waiting time between the second and third pulse (Figure
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2.3). Since the first pulse generates a coherent superposition of states between the ground state
and the first excited state for the vibrational modes, a macroscopic polarization is created as a
result of the oscillators vibrating in phase. However, there is an onset of decay in this phase
relationship with time (free induction decay) and dephasing occurs. The second pulse then comes
in and creates a population state. Finally, after another time delay, the third pulse interacts with
the sample to generate a coherent state and initiates a rephasing process for the oscillators. Once
all the oscillators are again oscillating in phase, a macroscopic polarization is generated. This
serves as the source of photon echo, more aptly called vibrational echo for 2D IR spectroscopy.
The net third order electric field is then measured by heterodyning the resultant signal (photon
echo) with a local oscillator pulse in order to get the necessary phase information. Finally, the
heterodyned signal is dispersed by a monochromator and it is detected using a liquid nitrogen
cooled MCT array detector. The resultant data acquired at time delay T across two time axes, 
and t, as seen from Figure 2.4, are then Fourier transformed to get the corresponding data in the
frequency domain, along the two frequency axes, 𝜔 and 𝜔𝑡 .141,142
To extract the structural and time-resolved information from 2D IR spectroscopy, the
following information is needed.
1) An insight into the changes in vibrational lineshapes, with time, is required, as this change
indicates the dynamics occurring in the environment surrounding a vibrational probe. For
instance, the vibrational frequencies for the different vibrational modes in a molecule are
dependent on the electrostatic and hydrogen bonding characteristics of the environment. If each
mode is exposed to a slightly different environment owing to the inherent heterogeneity present,
then each mode can have a different vibrational frequency. Thus, a time-dependent distribution is
created that further leads to the formation of an elongated diagonal peak in the 2D IR spectrum at
earlier waiting times (smaller values of T). This phenomenon is called inhomogeneous
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broadening and the diagonal linewidth is called the inhomgeneous linewidth. At a later waiting
time T, the shape of the diagonal peak gradually becomes round as the molecules in the
environment move around, and consequently the vibrational modes in the sample are able to
sense an average, homogenized environmental state. This phenomenon is called spectral diffusion
(Figure 2.5).142
2) Upon coupling of two vibrational modes, cross peaks are generated in the off diagonal region
of a 2D IR spectrum, as the transition frequency corresponding to one mode is then dependent on
the level of excitation of the other mode. The coupling of vibrational modes in molecules is thus
dependent on the distance between the oscillators and their respective orientations can thus reveal
information about the structure of the system under study.142

2.3.3 Vibrational lineshapes
In the previous section, the utility of vibrational lineshapes in understanding the environment
around an IR probe was briefly discussed. However to completely appreciate the information
obtained from these lineshapes, it is important to understand the origin of these lineshapes in the
context of a microscopic theory of dephasing.142
To begin, we ignore the concept of dephasing and take into consideration the linear
response function, 𝑅 (𝑡), of a simple two-level system,
2 −𝑖𝜔01 𝑡
𝑅 (𝑡) = 𝜇01
𝑒

(2.12)

where 𝜇01 is the transition dipole moment, 𝜔01 is the time-independent frequency corresponding
to the energy gap between the two levels. However, in reality, the frequency 𝜔01 cannot be timeindependent as the system under investigation is exposed to a solvent environment. The
interactions between the solvent and the system can perturb the solvation shell thereby altering
the potential energy surface of the system and hence changing the value of 𝜔01 with time. Thus, a
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more correct depiction of the frequency is shown in the equation below.
𝜔 (𝑡) = 𝜔01 + 𝛿𝜔(𝑡)

(2.13)

Here 𝜔01 is the time-independent mean transition frequency and 𝛿𝜔(𝑡) is the frequency
contribution arising as a result of fluctuations in frequency over time. The time average of these
fluctuations is zero, which implies < 𝛿𝜔01 (𝑡) > = 0.
Upon integrating the transition frequency with respect to time, the first-order response
function in equation (2.12) can be rewritten in the form of an ensemble average,
𝑡

2 −𝑖𝜔01 𝑡
𝑅 (𝑡) = 𝜇01
𝑒
< 𝑒𝑥𝑝(−𝑖 ∫0 𝛿𝜔01 ()𝑑) >

(2.14)

Since the exponential function is oscillatory in nature, the average value converges slowly. Thus,
the expansion in equation (2.14) can then be truncated after the second order term.142,143 The
resultant expression also holds true for the assumption that all the frequency fluctuations in the
system is Gaussian, which is understandable as many solvent molecules together bring about
changes in the transition frequency and the solvent-system interactions are generally stochastic in
nature.142 The resultant equation can thus be written in the following simplified format,
2 −𝑖𝜔01 𝑡 −𝑔(𝑡)
𝑅 (𝑡) = 𝜇01
𝑒
𝑒

(2.15)

where 𝑔(𝑡) is defined as,
𝑔(𝑡) =

𝑡
1 𝑡
∫ 𝑑1 ∫0 𝑑2
2 0

< 𝛿𝜔01 (1 )𝛿𝜔01 (2 ) >

(2.16)

as, < 𝛿𝜔01 () > = 0.
Here, 𝑔(𝑡) is known as the lineshape function and since < 𝛿𝜔01 (1 )𝛿𝜔01 (2 ) > is an even,
stationary function, 𝑔(𝑡) can be further rewritten as,
𝑔(𝑡) =

𝑡
1 𝑡
∫ 𝑑1 ∫0 𝑑2
2 0

< 𝛿𝜔01 (2 )𝛿𝜔01 (0) >

(2.17)

The term < 𝛿𝜔01 (2 )𝛿𝜔01 (0) > is referred to as the frequency-frequency correlation function or
FFCF. FFCF can be defined as the time dependent correlation of the initial and final frequencies
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of the system. In simpler terms, it can be described as the probability that a molecule with an
initial frequency 𝜔01 will be oscillating with the same frequency 𝜔01 even after a time, 2 . With
progress in time, solvent molecules can push and pull at the oscillator of interest, thereby
perturbing its frequency. Therefore, the frequency-frequency correlation function decays with
time and it can be used to probe spectral diffusion.142
In 1969, Ryogo Kubo established an ansatz for FFCF, where he proposed that the FFCF
can be written in terms of the correlation time (𝑐 ) as well as the frequency fluctuation amplitude
(Δ).144 Thus, < 𝛿𝜔01 (2 )𝛿𝜔01 (0) > is reduced to 2

< 𝛿𝜔01 (2 )𝛿𝜔01 (0) > = 𝛥2 𝑒 − 𝑐

(2.18)

Upon inserting the value of < 𝛿𝜔01 (2 )𝛿𝜔01 (0) > in equation (2.17) and integrating FFCF
twice, we obtain the Kubo-lineshape function,
𝑡

𝑔(𝑡) = 𝛥2 𝑐 2 [𝑒 − 𝑐 +

𝑡

𝑐

− 1]

(2.19)

From this expression, different lineshape functions can be extracted based on the two limits for
fluctuation. In the fast modulation or homogeneous limit, the frequencies undergo fluctuations at
𝑡

a faster timescale such that Δ𝑐 ≪ 1. Thus 𝑒 − 𝑐 tends to become zero and

𝑡

𝑐

is greater than 1,

thereby causing the lineshape function in equation (2.19) to be reduced to,
𝑔(𝑡) =

𝑡
𝑇2
1

(2.20) In equation (2.20), 𝑇2 = 𝛥2  and hence the absorption spectrum can be written as,
𝑐

1⁄
𝑇2
2 +(1⁄ )2
)
01
𝑇

∝

𝑆(𝜔) ∝ 𝑅𝑒𝑎𝑙 (∫0 𝑒 −𝑖(𝜔−𝜔01 )𝑡 𝑒 −𝑔(𝑡) 𝑑𝑡) = (𝜔− 𝜔

(2.21)

2

This yields a band with a Lorentzian lineshape with a width of 1⁄𝑇 .
2

In the slow modulation or inhomogeneous limit, the frequency fluctuations are slow and thus
Δ𝑐 ≫ 1. Consequently, the lineshape function can be expressed as,
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𝑔(𝑡) =

𝛥2 2
𝑡
2

(2.22)

In this case, the lineshape function does not depend on the correlation time (𝑐 ). Hence, the
absorption band formed is Gaussian, with a bandwidth of Δ, where Δ is the fluctuation
amplitude.142
𝑆(𝜔) ∝ 𝑒

−

(𝜔− 𝜔01 )2
2𝛥2

(2.23)

2.3.4 IR spectroscopy in proteins
IR spectroscopy can be utilized to investigate proteins as the protein backbone has a large trove of
information hidden in the form of vibrational modes. The amide I band (1600 - 1700 cm-1) to be
specific, is an important vibrational mode with a large extinction coefficient that arises
predominantly from the coupling of the carbonyl oscillators present throughout the peptide
backbone along with some contributions arising from an in-phase NH bending mode, and a C-N
stretching mode. In large proteins, the amide I band, along with a vast number of oscillators with
overlapping IR bands, however can restrict our ability to see beyond the global picture and can
prevent us from obtaining site-specific information.53 Nevertheless, a wealth of information about
the folded structure and dynamics of proteins can still be obtained from the amide I band. The
lineshape and vibrational frequency of this band is dependent on the secondary structure of the
protein, and thus can also be used to probe conformational changes.84,145 The absorption
frequency of the amide I bands in D2O, corresponding to the common secondary structures found
in proteins,145 are as follows –
1. α-helices: narrow band is observed centered at ca. 1650 cm-1.
2. Antiparallel β-sheets: exciton splitting occurs due to transition dipole coupling between
the inter-strand (in-phase) and intra-strand (out of phase) vibrational modes and two
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bands are created as a result, at 1685 cm-1 (weak in intensity) and 1630 cm-1 (high
intensity) respectively.
3. Parallel β-sheets: a narrow band is seen at 1620 cm-1.
4. Random coil or disordered structure: a broad band is observed which is centered at
1650 cm-1. This band is featureless possibly because of the presence of a heterogeneous
environment around the protein. Thus, a single IR active vibrational mode can lead to a
distribution of frequencies, manifested in the form of a broad band.
The vibrational frequency of the amide I band is also strongly dependent on solvent-mediated
hydrogen bonding, as upon forming a hydrogen bond in an α-helix, the electron density of the
C=O oscillator gets redistributed in a manner such that the frequency of the band gets red-shifted
by ~20 cm-1.83 Furthermore, heterogeneity in protein conformations can also lead to a broadening
of the amide I band.83
In order to get local information on protein dynamics and structure using IR
spectroscopy, site-specific reporters are required, and these probes can be UAAs that are either
backbone-based or side chain-based. Generally, backbone-based probes are generated by isotopeediting methods, where the C=O functionality in a particular amide group is substituted with
carbon and/or oxygen isotopes, thereby creating groups such as 12C=16O, 13C=16O, and 13C=18O.
Consequently, the isotope substituted amide I mode undergoes a red-shift in frequency, and hence
cannot couple with the remaining amide I modes present throughout the protein backbone. 53
Therefore, this specific isotope-labeled amide I mode can now serve – 1) either as a stand-alone
site-specific IR probe of protein environment,81 2) or a pair of isotopically substituted amide I
modes can undergo vibrational coupling to reveal insights about either the tertiary structure of the
protein system under study or the mechanism of aggregation of -sheet rich amyloid fibrils.81
Since the protein backbone is structurally unique, it does not allow a large scope for modification.
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Protein side chains on the other hand are chemically diverse and side-chain based IR probes can
be created by inserting different vibrationally active, functional groups in the side chains of
naturally occurring amino acids.74–77
Aromatic unnatural amino acids with modified side chain functionalities are quite
common as site-specific infrared reporters. A few examples of these UAAs are as follows – pcyanophenylalanine

(PheCN),

p-tolylthiocyanate,

p-tolylselenocyanate,

phenylcyanate,

p-

azidophenylalanine, p-methylacetophenone, p-nitrophenylalanine, 5-cyanotryptophan (TrpCN),
and 4-cyanotryptophan.53 While the first six UAAs can be used to replace either tyrosine or
phenylalanine, the last two UAAs can be used to replace Trp, without causing significant
perturbations in the protein structure. Most of these IR probes are also quite sensitive and exhibit
changes in absorbance, bandwidth or peak frequency upon altering the environment around the
probe.
For instance, taking TrpCN into consideration, the C≡N stretching frequency - 1) gets redshifted by ca. 9 cm-1, and 2) shows a decrease in bandwidth by 4.8 cm-1, when the solvent is
changed from water to tetrahydrofuran, which is hydrophobic in nature. Furthermore, TrpCN has
been shown to be sensitive to the local hydration status of membrane binding anti-microbial
peptides such as indolicidin, as the bandwidth decreases by ca. 15 cm-1 upon undergoing a
change in the environment, from water to the interior of lipids such as dodecylphosphocholine
micelles.79 Upon investigating PheCN, another aromatic UAA bearing a nitrile group, through 2D
IR measurements, Ma et al. demonstrates how the vibrational lineshapes associated with the C≡N
vibration of PheCN can be utilized to gain a microscopic insight into the mechanism of action of
trimethylamine N-oxide, a protein stabilizer.78 Thus, these examples effectively delineate the
benefits of using site-specific UAAs as IR probes to investigate changes in the environment local
to the probe.
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Figure 2.1 Angle between the two transition dipole moments.
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Figure 2.2 A schematic diagram of the Michelson Interferometer.
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Figure 2.3 A schematic diagram of the 2D IR setup.
Reprinted with permission from The Journal of Physical Chemistry B, Bei Ding, Mary Rose
Hilaire, and Feng Gai, (2016) 120, 5103-5113. Copyright (2016) American Chemical Society.
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Figure 2.4 The pulse sequence in 2D IR spectroscopy.
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3 On the Utility of 5-Cyanotryptophan Fluorescence as a Sensitive
Protein Hydration Probe
Reprinted with permission from The Journal of Physical Chemistry B, Beatrice N. Markiewicz*,
Debopreeti Mukherjee*, Thomas Troxler, and Feng Gai, (2016) 120, 936-944. Copyright (2016)
American Chemical Society. (* denotes equal authorship)

3.1 Introduction
Among the naturally occurring fluorescent amino acids, tryptophan (Trp) is the most widely used
fluorescent probe of protein structure, function, and dynamics.46,133 This is because - 1) its
fluorescence properties, such as the emission wavelength, Stokes shift and lifetime, depend on
local environment,33,46,146 2) its fluorescence can be quenched by various amino acid sidechains
147,148

as well as other molecules or ions,149–152 and 3) it has a relatively high fluorescence quantum

yield (QY) (i.e., ~0.14 in water)153 and large molar extinction coefficient for transitions to the 1La
and 1Lb excited states, which, combined, allows for measurements using dilute protein solutions.
While Trp is an exceedingly useful and convenient fluorescence reporter of proteins, it affords,
like any other spectroscopic probes, certain limitations and/or disadvantages. For example, in
practice it is often difficult to quantitatively assess and interpret Trp fluorescence results, as many
different mechanisms can contribute to the excited-state decay process of the indole fluorophore
in a protein environment.136,137,154,139 Therefore, much effort has been made to expand and/or
improve the utility of Trp fluorescence by exploring the feasibility of using various Trp-based
non-natural amino acids, such as 7-azatryptophan,59 5-hydroxytryptophan,95 4- or 5fluorotryptophan,96,97 6- or 7-cyanotryptophan,60 and β-(1-Azulenyl)-L-alanine,155 that possess
different photophysical properties from Trp (e.g., quantum yield, emission wavelength, and
fluorescence decay kinetics). Herein, we continue this effort by showing that the fluorescence
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emission of a nitrile-derivatized Trp analog, 5-cyanotryptophan (TrpCN), can be used as a
sensitive probe of the local hydration status of proteins.
From a practical point of view, for many biological applications a good fluorescence
probe should exhibit a significant change in its fluorescence spectrum (i.e., intensity, wavelength,
or both) when exposed to different environments. This requirement is especially important for
examining processes, such as protein folding and interactions, whereby the local surrounding of
the fluorophore undergoes a drastic change, for instance, from a hydrated to a dehydrated
environment. While Trp fluorescence has been extensively used in these types of applications, the
total fluorescence intensity change is rarely more than two-fold. This is due in part to the fact, as
shown. This is due in part to the fact, as shown (Figure 3.1), that the fluorescence QY of indole is
not sensitively dependent on hydration. Of course, one can find special cases where the change is
more drastic due to involvement of other quenching mechanisms, such as those arising from
specific sidechains.148 In comparison, the fluorescence QY of 5-cyanoindole (5CI), the sidechain
of TrpCN, exhibits a much stronger sensitivity to interactions with H2O as shown below. This is
supported by the fact that upon changing the solvent from water to 1,4-dioxane, a solvent
commonly used to mimic the hydrophobic interior of proteins, the total fluorescence intensity of
5CI is increased by a factor of approximately 23, whereas that of indole only increases by a factor
~1.3 (Figure 3.1). Furthermore, a previous study by Jennings et al.156 demonstrated that the
maximum of the fluorescence spectrum of 5CI is shifted from ~315 nm in isopentane to ~391 nm
in H2O. Thus, taken together, the large Stokes shift and a more significant QY change of 5CI in
response to hydration suggests that TrpCN could be a more sensitive protein hydration probe than
Trp.
To verify this notion, we carried out steady-state and time-resolved fluorescence
measurements on 5CI, TrpCN, and a model tripeptide Gly-TrpCN-Gly (hereafter referred to as
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GWCNG) in different solvents. We found, as expected, that exposure to water results in significant
quenching of the TrpCN fluorescence, due to a substantial increase in its excited-state nonradiative
decay rate. On the other hand, the fluorescence QY and lifetime of TrpCN, either in the free amino
acid form or in a peptide environment, were found to increase, on average, by more than an order
of magnitude in aprotic solvents, compared to those in H2O. Combined, we believe that these
results support the idea that TrpCN can be used as a sensitive fluorescence probe of the local
hydration status of proteins. Further evidence confirming this utility of Trp CN comes from several
applications wherein we demonstrated that this unnatural amino acid can be used to 1) detect the
preferential accumulation of dimethyl sulfoxide (DMSO) molecules around aromatic sidechains
in a disordered peptide, 2) probe the binding of an antimicrobial peptide to lipid membranes, and
3) differentiate the microenvironments of two TrpCN residues in a folded protein.

3.2 Experimental Section
3.2.1 Materials and Sample Preparation
5-cyanoindole (5CI) at 99% purity was purchased from Acros Organics (Morris Plains, New
Jersey), Fmoc-5-cyanotryptophan was purchased from RSP amino acids (Shirley, MA), and all
other amino acids were purchased from Advanced ChemTech (Louisville, KY). The following
solvents (spectroscopic grade) were purchased from Acros Organics: methanol (MeOH), ethanol
(EtOH), dimethyl sulfoxide (DMSO), acetonitrile (ACN), 1,4-dioxane, tetrahydrofuran (THF,
without the BHT preservative), and 2,2,2-trifluoroethanol (TFE). D2O was purchased from
Cambridge Isotope Laboratories, Inc. (Tewksbury, MA). Dodecylphosphocholine (DPC) was
purchased from Avanti Polar Lipids Inc. (Alabaster, Alabama). All materials and solvents were
used as received. Deprotection of the Fmoc-5-cyanotryptophan to produce the free TrpCN amino
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acid (TrpCN-NH2) and synthesis of all peptides (Gly-TrpCN-Gly-NH2, TZ2WCN-NH2, TC2WCNNH2, and MPXWCN-NH2) were achieved by using standard 9-fluorenylmethoxy-carbonyl (Fmoc)
solid-state methods on a CEM (Matthews, NC) Liberty Blue automated microwave peptide
synthesizer. Peptide purification was done by reverse-phase HPLC (Agilent Technologies 1260
Infinity) with a C18 preparative column (Vydac). The TrpCN amino acid and all peptides were
constructed on Rink amide resin and thus contained an amidated C-terminus. The mass of every
peptide was verified by either liquid-chromatography mass spectrometry (LC-MS) or matrixassisted laser desorption/ionization mass spectrometry (MALDI-MS) where appropriate. Samples
were freshly prepared before use by directly dissolving the desired compound in the desired
solvent, and the final concentration of the solute was approximately 45 μM for static and timeresolved measurements. Membrane-bound MPXWCN peptide was prepared by solubilizing
MPXWCN with DPC in TFE at a 1:70 peptide to lipid ratio. The organic solvent was removed via
a nitrogen stream and the left-over film was lyophilized for at least 4 hours to ensure complete
solvent removal. Subsequently, the resultant dry film was redissolved in H2O. The final
concentration of the peptide was ~40 μM.

3.2.2 Static and Time-Resolved Fluorescence Measurements
Static fluorescence measurements were obtained with a Jobin Yvon Horiba Fluorolog 3.10
spectrofluorometer at room temperature in a 1 cm quartz cuvette with a 1.0 nm resolution and an
integration time of 1.0 nm/s. For all the static measurements, an excitation wavelength of 280 nm
was used. Time-resolved fluorescence measurements were collected on a time-correlated single
photon counting (TCSPC) system with a 0.4 cm quartz cuvette at 25 °C. The details of the
TCSPC system have been described elsewhere.157 Briefly, a home-built femtosecond Ti:Sapphire
oscillator operating at 800 nm and 85 MHz repetition rate was used to generate a 270 nm
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excitation pulse train in a home-built collinear third harmonic generator. Repetition rate was
reduced to 21 MHz by using an electro-optical pulse picking system (Conoptics Inc.). Emission
was collected at magic angle polarization condition and in a 90 degree geometry relative to
excitation, selected by a short-wavelength bandpass filter (Semrock FF01-357/44) around 360 nm
and a long-pass filter (Semrock FF01-300/LP) with a 300 nm cutoff to better suppress scattered
excitation light (combined OD >10 at 270nm), and detected with a MCP-PMT detector
(Hamamatsu R2809U) and a TCSPC PC-board (Becker and Hickl SPC-730). Fluorescence
decays were deconvoluted with the instrument response function (IRF) and fit either to a single-or
multi-exponential function in order to minimize χ2 below an acceptable value (i.e., 1.2) using
FLUOFIT (Picoquant GmbH). N-acetyl-L-tryptophanamide (NATA) was used as a standard and
control, yielding a single exponential decay of 3.0 ns (see Table 1) in accordance with the
literature.137 The optical density of the samples at the excitation wavelength was equal to or
below 0.2 for both static and time-resolved measurements. Furthermore, the quantum yield (QYS)
of a given sample was determined using the quantum yield (QYR) of NATA in H2O at pH 7.0 as a
reference and the following equation,
QYS  QYR

IS AR nS2
I R AS nR2

(3.1)

where I and A represent the integrated area of the fluorescence spectrum and the optical density of
the sample at 280 nm, respectively, and n is the refractive index of the solvent used. The
subscripts S and R represent sample and reference, respectively. In addition, the value of QY R
was taken as 0.14,133 and 1.333 was used for nR.
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3.3 Results and Discussion
To assess the feasibility of using TrpCN fluorescence as a reporter of protein local hydration
status, we first systematically examined the steady-state fluorescence properties and fluorescence
decay kinetics of 5CI, TrpCN, and GWCNG in a series of solvents with different polarities and
hydrogen bonding abilities (Table 3.1). Then, the utility of this fluorescence probe was tested in
three different applications, including detection of a specific solute-solvent interaction, peptidemembrane association, and the hydration status of two TrpCN residues located in different
environments within a folded mini-protein.

3.3.1 Steady-State Fluorescence Measurements
As shown (Figure 3.2), both the intensity and maximum wavelength (λ max) of the fluorescence
spectrum of 5CI exhibit a strong dependence on solvent. Qualitatively, the λ max of 5CI increases
with increasing solvent polarity (Table 3.1), which is in good agreement with the trend previously
observed by Jennings et al.156 Furthermore, the λmax of 5CI is red-shifted compared to the
fluorescence spectrum of indole, the fluorophore of Trp, obtained in the same solvent. For
example, in H2O the fluorescence spectrum of indole is peaked at ~352 nm, whereas that of 5CI
has an emission maximum at ~387 nm. The greater Stokes shift of 5CI can be attributed to the
larger change in its dipole moment upon photoexcitation.158 In addition, and perhaps more
importantly, in solvents that can form strong hydrogen bonds (H-bonds), such as H2O and
trifluoroethanol (TFE), the fluorescence QY of 5CI exhibits a significant decrease (Figure 3.2 and
Table 3.1). For example, in 1,4-dioxane the fluorescence QY of 5CI is determined to be ~0.13,
which is decreased to ~0.005 in H2O. In comparison, while indole is a brighter fluorophore, its
fluorescence QY has a less dependence on these solvents (i.e., 0.45 in 1,4-dioxane versus 0.28 in
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H2O).159 Thus, these results indicate that, when used to probe a hydration/dehydration event, 5CI
would be able to produce a fluorescence signal with a higher contrast than that of indole. As
shown (Figure 3.2), the fluorescence spectra of the free amino acid TrpCN are similar to those of
5CI obtained in the same solvents, although the λmax value in each case is further red-shifted
(Table 3.1). This is consistent with the trend already observed for indole and Trp.160 What is more
important, however, is that the strong fluorescence quenching effect of H2O toward the 5CI
fluorophore is maintained (Table 3.1). This result, which is consistent with a previous study,79
indicates that TrpCN fluorescence could be used to sense the local hydration status of proteins.
Results obtained with GWCNG (Figure 3.2 and Table 3.1), also corroborate this notion. For
example, the fluorescence QY of TrpCN in GWCNG is increased by more than an order of
magnitude upon changing the solvent from H2O to MeOH. Since MeOH is also capable of
forming hydrogen bonds, this finding thus manifests the specific and high sensitivity of TrpCN
fluorescence towards H2O.

3.3.2 Time-Resolved Measurements
To further understand the photophysics of TrpCN, we set out to measure the fluorescence decay
kinetics of 5CI, TrpCN, and GWCNG in those aforementioned solvents. As indicated (Figure 3.3
and Table 3.1), the fluorescence decay kinetics of 5CI in all solvents could be fit reasonably well
to a single-exponential function (i.e., χ2 < 1.2), with the exception of those obtained in H2O and
TFE, which required at least a double-exponential function to yield a satisfactory fitting (i.e., χ2 <
1.2). Consistent with the steady-state measurements, the (intensity weighted) fluorescence
lifetimes (0.1 – 0.3 ns) of 5CI in H2O and TFE are significantly shorter (by at least an order of
magnitude) than those in other solvents, which are in the range of 3.0 – 7.1 ns. This finding is, to
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some extent, surprising, as for indole the fluorescence lifetime in TFE (0.45 ns) is drastically
shorter than in H2O (4.5 ns).154 Barkley and coworkers154,161 have shown that both TFE and H2O
can quench the fluorescence of indole via an excited-state proton-transfer process. While we
cannot completely rule out the possibility that a solvent-induced proton-transfer event is
responsible for the observed fast excited-state decay kinetics of 5CI in H2O and TFE, the fact
that, unlike indole,154 the fluorescence QY and decay kinetics of 5CI do not show any measurable
difference between H2O and D2O (Figure 3.4 and Table 3.1) strongly argues against this scenario.
Since both H2O and TFE can form H-bonds with the nitrile group of 5CI,162 it is possible that
their strong quenching effect arises solely from such H-bonding interactions. However, this
possibility can also be ruled out as in both MeOH and EtOH, which are able to form such Hbonds, the fluorescence lifetime of 5CI becomes much longer (Table 3.1). Similarly, the Hbonding interactions between the pyrrole N-H group of 5CI and a solvent molecule, such as H2O,
MeOH, EtOH, and DMSO, are also unlikely to serve as a major nonradiative decay channel as
the fluorescence lifetimes of 5CI in those solvents differ significantly (Table 3.1). It is known that
both H2O and TFE can interact with the indole moiety via another type of H-bonding interactions,
i.e. those formed between the –OH group of the solvent and the -electron cloud of the aromatic
ring.163–165 In fact, this type of interactions has been suggested to play an important role in the
excited-state decay kinetics of indole in TFE.166 Thus, we tentatively attribute the sub-nanosecond
fluorescence decay kinetics of 5CI in H2O and TFE to such H-bond formations, which increase
the nonradiative decay rate of the fluorophore. If this assessment is indeed valid, the much slower
fluorescence decay lifetime of 5CI obtained in other protic solvents (i.e., MeOH and EtOH)
indicates that the indole ring is solvated mainly by the methyl groups rather than the –OH group.
In addition, it is noticed that, unlike those obtained in other solvents, the fluorescence decay
kinetics of 5CI in H2O and TFE cannot be satisfactorily described by a single-exponential
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function (Figure 3.3). There are two possible interpretations. First, 5CI has a relatively low
solubility in both H2O and TFE; hence the non-single-exponential decay kinetics may reflect the
heterogeneity of the solute. The second, and perhaps a more probable, interpretation is that this
deviation manifests the heterogeneity in the solvent-solute interactions, especially those –OH···electron H-bonding interactions.
Finally, unlike that of indole,154 the fluorescence lifetime of 5CI in DMSO is significantly
lengthened (i.e., to 7.1 ns) in comparison to those in other solvents, suggesting that TrpCN
fluorescence could be used to probe preferential interactions167 between DMSO and Trp
sidechains in a protein environment (see below).
As indicated in Figure 3.3, the fluorescence decay kinetics of TrpCN, in either the free
amino acid form or the GWCNG peptide, support the notion that it can be used as a protein
hydration probe. While the average fluorescence lifetime of TrpCN obtained in H2O is slightly
increased compared to that of 5CI, its excited-state decay kinetics are still dominated by a fast
component (i.e., 0.4-0.5 ns), which is significantly separated from those obtained in other
solvents, except TFE (Table 3.1).
Unlike 5CI, TrpCN exhibits non-single-exponential fluorescence decay kinetics in all the
solvents studied. Since Trp shows the same behavior and its double- or multi-exponential
fluorescence decay kinetics have been attributed to different sidechain rotamers, 139 we believe
that the fluorescence decay kinetics of TrpCN can also be explained by such a rotamer model.
Many previous studies have shown that the average fluorescence decay rate of Trp is faster than
that of indole under the same solvent conditions, indicating that an additional, nonradiative decay
pathway exists due to the presence of a backbone. The current consensus is that this new decay
process arises from electron transfer from the indole sidechain to the carbonyl group of adjacent
peptide bonds.138 As shown (Table 3.1), unlike the trend observed for indole and Trp, 160 the
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average fluorescence lifetime of TrpCN is longer than that of 5CI in the same solvent. More
specifically, in most solvents (except H2O and TFE) the fluorescence decay kinetics of TrpCN and
GWCNG consist of two components, with one that is relatively independent of solvent and decays
within 2-3 ns, whereas the other, which is slower (τF > 5.5 ns) and dominant in most cases, shows
a clear dependence on solvent environment. Taken together, these results suggest that the
electron-transfer mechanism invoked to explain the fluorescence decay kinetics of Trp is not
applicable to TrpCN. Instead, we believe that the fast component arises from a more specific
interaction facilitated by differences in geometry between the backbone and a particular sidechain
rotamer. While elucidation of the nature of this interaction requires further studies, we
hypothesize that it corresponds to a H-bonding-like interaction between the aromatic ring and a
backbone amide N-H group. This hypothesis is consistent with the aforementioned assumption
that H2O quenches the fluorescence of 5CI via H-bonding interactions with the -electron cloud
of the ring. In addition, this model is self-consistent, as for rotamers that cannot engage in such
additional interactions due to distance constraints, their fluorescence lifetimes would be longer
and depend mostly on the solvent, as observed.

3.3.3 Probing Preferential Interaction with DMSO
To further demonstrate the utility of TrpCN fluorescence as a local solvation reporter, we first
applied it to probe the preferential interaction between DMSO and Trp residues within a peptide.
The binary mixture of water and DMSO has been extensively studied and used in various
applications owing to its non-ideal nature and hence unusual properties.168 For example, it has
been used as a cryoprotectant, an enzyme activator, and a denaturant.169,170 In particular, several
studies167,171 have indicated that in a binary mixture of water and DMSO preferential solvation of
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hydrophobic residues, such as Phe and Trp, by DMSO can occur. All of these behaviors can be
attributed to the amphiphilic nature of DMSO which allows this solvent to engage in both Hbonding (e.g., with water) and hydrophobic interactions (via methyl groups).172As demonstrated
above, the fluorescence QY of TrpCN in DMSO is approximately 24 times greater than that in
H2O, making it ideally suited to probe any preferential accumulation of DMSO molecules around
its indole ring. Specifically, we measured the fluorescence spectra of a peptide that contains two
TrpCN residues (sequence: S-TrpCN-TAENGKAT-TrpCN-K), in a series of DMSO-H2O mixtures.
This peptide (hereafter referred to as 2WCNP) is largely unstructured in aqueous solution
according to its CD spectrum (Figure 3.5), thus allowing the TrpCN sidechains to be solvent
accessible.
As shown (Figures 3.6 and 3.7), the intensity of the TrpCN fluorescence spectrum of
2WCNP depends strongly on the mole fraction of DMSO (χDMSO) in the binary mixture, especially
in the range of 0.0-0.4. A more quantitative analysis indicates that the relative fluorescence
quantum yield of TrpCN in 2WCNP, as measured by the integrated area (I) of the fluorescence
spectrum, exhibits a transition (Figure 3.6) that is similar to that observed in substrate binding
kinetics of enzymes. Indeed, this transition (i.e., I vs. χDMSO) can be satisfactorily described by a
modified Hill equation shown below,

I  I min 

( I max  I min )( a DMSO  b)
 k

  DMSO

n


  1


(3.2)

where Imin, Imax, k, a, b, and n (the Hill coefficient) are constants. The linear term, 𝑎𝐷𝑀𝑆𝑂 + 𝑏, is
introduced to account for the slight downward trend of the signal after saturation. As shown in
Figure 4, the best fit yields a k value of 0.18, indicating that the fluorescence signal reaches a
maximum at a χDMSO value of 0.36. Interestingly, a previous dielectric relaxation study172
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indicated that the maximum H-bonding interactions occurring between H2O and DMSO take
place at χDMSO = 0.33, leading to formation of H2O-DMSO-H2O complexes. Thus, the above
result suggests that the fluorescence of TrpCN is able to ‘sense’ this intrinsic property of the binary
mixture. In addition, and perhaps more interestingly, the Hill coefficient obtained from the fitting
is n = 3.2, suggesting that the DMSO binding interaction with the indole ring is highly
cooperative. Following the common interpretation of the value of the Hill coefficient,173 the
above n value suggests that one TrpCN sidechain can have a maximum of three DMSO binding
sites. Hence, from this simple example it becomes evident that TrpCN is not only a useful
fluorescence probe of proteins or peptides, but it can also be used to reveal important physical
properties of binary solvent systems that contain water.

3.3.4 Probing Peptide-Membrane Interaction
In the second application, we demonstrated that TrpCN fluorescence can be used to probe peptidemembrane interactions. To do so, we measured the static and time-resolved fluorescence
properties of a TrpCN mutant of an antimicrobial peptide, mastoparan X, in the presence and
absence of a model membrane. Like the parent,174 this mutant (sequence: IN-TrpCNKGIAAMAKKLL), hereafter referred to as MPXWCN, is relatively unstructured in aqueous
solution, and folds into an α-helical conformation upon binding to DPC micelles (Figure 3.8). As
shown (Figure 3.9a and Table 3.1), in the absence of DPC micelles the TrpCN fluorescence
spectrum of MPXWCN is peaked at 391 nm and has a low intensity, which is consistent with an
unfolded peptide wherein the TrpCN sidechain is mostly exposed to H2O. In the presence of DPC
micelles, however, the TrpCN fluorescence spectrum of MPXWCN not only is blue-shifted (to 372
nm) but also becomes much more intense, which is characteristic of a TrpCN buried in a
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hydrophobic environment and, hence, consistent with binding of the peptide to the DPC
membranes. Further fluorescence lifetime measurements also corroborate this picture. As shown
(Figure 3.9b and Table 3.1), the TrpCN fluorescence decay of MPXWCN in H2O consists of three
components, with a sub-nanosecond (i.e., 0.7 ns) component being dominant (~82%). It is clear
that this fast decay component corresponds to an ensemble of MPXWCN conformations wherein
the TrpCN residue is well hydrated, whereas those slower and minor decay components must arise
from conformations wherein the TrpCN sidechain is less exposed to solvent due, for example, to
sidechain-sidechain and/or sidechain-backbone interactions. As expected, in the presence of DPC
micelles, the TrpCN fluorescence decay of MPXWCN, now dominated by a 7.2 ns component, is
similar to those measured for the GWCNG peptide in aprotic solvents (Table 3.1). Taken together,
the above results confirm that both the fluorescence intensity and lifetime of a Trp CN residue can
be used to probe various biological binding interactions, as long as its hydration status undergoes
a change in response to the binding event in question.

3.3.5 Probing Local Hydration Environment
In the third application, we demonstrated that the high sensitivity of the fluorescence lifetime of
TrpCN to H2O makes it especially useful to differentiate between hydrated and dehydrated
environments in a protein. Specifically, we carried out fluorescence lifetime measurements on a
double TrpCN mutant of a miniprotein, Trp2-cage.175 As suggested by its name, this miniprotein,
which was computationally designed based on the miniprotein Trp-cage,176 contains two Trp
residues, with one (at position 12) being solvent exposed and the other (at position 6) being
buried in a hydrophobic cage.176 Upon replacing these two Trp residues with TrpCN, we expected
that the fluorescence decay kinetics of the resultant double mutant (sequence: NLYIQ-6TrpCN49

LKDGG-12TrpCN-SSGRPPPS), hereafter referred to as TC2WCN, will reflect this difference. As
shown (Figure 3.10 and Table 3.1), the fluorescence decay kinetics of TC2W CN in H2O consist of
three exponential components with time constants of 0.4, 1.8, 11.0 ns, respectively. The first and
very fast component is similar to the major fluorescence decay component of GWCNG in H2O,
indicating contribution from, and hence detection of, the solvent-exposed TrpCN residue, whereas
the slower components are closer to those of GWCNG in DMSO, representative of the buried and
solvent inaccessible TrpCN residue in the protein. It is worth noting that the percentage of the
unfolded population of Trp2-cage is about 10% at room temperature.175 We expect that the
TC2WCN sample will contain a similar amount of unfolded proteins, which may contribute to
either the 0.4 ns component, the 1.8 ns component, or both. Thus, we did not attempt to
quantitatively assess the amplitudes of the three exponential components. Nevertheless, the
existence of two kinetic components that differ by almost 28 times in their time constants clearly
demonstrates that the fluorescence decay kinetics of TrpCN are sensitive to the presence of H2O
and can be used to differentiate between differently hydrated environments in a protein.

3.4 Conclusions
Any spectroscopic study of protein folding, conformational transition and interactions requires a
specific probe whose spectroscopic signature would undergo a change in response to a variation
in its environment. In practice, an ideal spectroscopic probe is one that can produce a large
difference or contrast between signals measured before and after the event of interest. Herein, we
demonstrated that the nonnatural amino acid, 5-cyanotryptophan, could be used as a sensitive
fluorescence probe of proteins. This is because a series of static and time-resolved fluorescence
measurements revealed that the fluorescence quantum yield and decay kinetics of 550

cyanotryptophan are sensitively dependent on its hydration status. For example, when fully
hydrated its fluorescence quantum yield is approximately 0.01, whereas in a dehydrated
environment its quantum yield is increased by at least an order of magnitude. Validation of the
potential utility of this nonnatural amino acid as a sensitive local protein hydration reporter was
demonstrated in three applications, wherein we used it to probe to probe complex formation in a
binary mixture, peptide-membrane interactions, and the hydration environments of two
tryptophan residues in a miniprotein. Given that 5-cyanotryptophan has also been shown to be a
useful site-specific infrared (IR) probe of proteins,53 we believe that the present work will further
expand its utility as a novel spectroscopic probe to study the structure-dynamics-function
relationship of proteins.
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Table 3.1 Summary of results obtained from all static and time-resolved fluorescence
measurements. QY was determined using the value of NATA as standard. ave corresponds to the
intensity weighted average fluorescence lifetime.
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Figure 3.1 Normalized fluorescence spectra of indole and 5CI obtained in 1,4-dioxane (solid
lines) and H2O (dashed lines), as indicated.
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Figure 3.2 Fluorescence spectra of 5CI, TrpCN, and GWCNG in different solvents, normalized
against the fluorescence spectrum of NATA obtained in H2O. In each case, the normalization
factor was calculated based on the integrated areas of the corresponding fluorescence spectra.
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Figure 3.3 Fluorescence decay kinetics of 5CI, TrpCN, and GWCNG in three representative
solvents, as indicated. In each case, the smooth line corresponds to a fit of the kinetics to either a
single- or double-exponential function and the resulting fitting parameters are listed in Table 3.1.
Shown in the top panel are the residuals of the fits of the unnormalized data.
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Figure 3.4 Fluorescence decay kinetics of 5CI in D2O. The smooth line is a fit to a tripleexponential function. The residuals of the fits are shown in the top panel and the resulting fitting
parameters are listed in Table 3.1.
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Figure 3.5 CD spectrum of 2WCNP in H2O at 1.0 °C.
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Figure 3.6 Integrated area of the TrpCN fluorescence spectrum of 2WCNP versus the mole fraction
of DMSO (χDMSO) in the H2O-DMSO binary solvent. These data have been normalized such that
the value obtained in pure DMSO is 1.0. The smooth line is the best fit of the data to a modified
Hill equation (i.e., Eq. 3.2) with the following parameters: Imin = 0.11 ± 0.02, Imax = 1.10 ± 0.01, k
= 0.18 ± 0.01, n = 3.20 ± 0.29, a = -0.30 ± .01, and b = 1.20 ± 0.01.
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Figure 3.7 Fluorescence spectra of 2WCNP in DMSO-H2O mixtures with different molar fractions
of DMSO (χDMSO).
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Figure 3.8 CD spectra of MPXWCN in H2O and in DPC micelles at 25.0 °C, as indicated.
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Figure 3.9 (A) Normalized fluorescence spectra of MPXWCN obtained in H2O and DPC micelles,
as indicated. The lipid to peptide ratio was 1:70 with a final peptide concentration of 40 μM. (B)
Normalized TrpCN fluorescence decay kinetics of MPXWCN in H2O and DPC micelles, as
indicated. In each case, the smooth line is the best fit of the data to a triple-exponential function
and the resulting fitting parameters are listed in Table 3.1. Shown in the top panel are the
residuals of the fits of the unnormalized data.
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Figure 3.10 Normalized TrpCN fluorescence decay kinetics of TC2WCN in H2O. The smooth line
is the best fit of the data to a triple-exponential function and the resulting fitting parameters are
listed in Table 1. Shown in the top panel are the residuals of the fit of the unnormalized data.
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Figure 3.11 CD spectra of TC2WCN in H2O at 1.0 °C. It is worth noting that the CD signature is
slightly different from the wild-type, in that it retains the negative band at 205 nm, but shows two
additional coupling bands at 247 nm and 236 nm. We attribute this to TrpCN exciton coupling,
which is significantly stronger than in the wild-type and is useful to probe interactions within a
protein. The potential of this spectral characteristic will be discussed in Chapter 4.
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4 Exciton CD Couplet Arising From a Pair of Nitrile-Derivatized
Aromatic Residues as a Structural Probe of Proteins
Reprinted from Analytical Biochemistry, (2016) 507, 74-78, Debopreeti Mukherjee and Feng
Gai, “Exciton CD Couplet Arising from a Pair of Nitrile-Derivatized Aromatic Residues as a
Structural Probe of Proteins”. Copyright (2016), with permission from Elsevier.

4.1 Introduction
Circular dichroism (CD) spectroscopy is one of the most commonly used techniques in assessing
the secondary structural content of proteins177,178 This is because the far ultraviolet (UV) CD
spectrum in the region of 190 – 250 nm179, arising from the backbone of a polypeptide, depends
on the exciton couplings among the individual π→π* and n→π* transitions of its amide units.180
Similarly, when two amino acids with aromatic sidechains (chromophores) are in close proximity,
exciton coupling between their π→π* transition bands (1A1 - 1Bb transition) could also lead to
formation of unique CD signatures in this spectral region181,182. For example, the tryptophan (Trp)
residues in the Trpzip β-hairpins give rise to a positive CD band at around 228 nm providing a
convenient spectroscopic feature to monitor β-hairpin formation.132,183,184 Similarly, a recent study
by Gasymov et al.185 showed that a pair of Trp residues separated by less than 10 Å in a protein
can produce an observable exciton CD band around 230 nm. In addition, Khan et al. 186 have
observed the formation of a CD band resulting from the exciton coupling between two different
aromatic sidechains in the enzyme phospholipid:lipid A palmitoyl transferase PagP. The
extinction coefficient (Δε) of the CD couplet arising from the exciton coupling between two
chromophores, A and B, depends on several factors,126 as shown below:
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(4.1)

Here rAB is the distance between the two chromophores, μA and μB are the electronic transition
dipole moments of A and B respectively, and the geometric factor ( ,  ,  ) depends on the
spatial orientations of μA and μB. Specifically, α (β) represents the angle between μA (μB) and rAB,
whereas γ is the angle between μA and μB when projected onto a common plane, which taken
together, determine the sign of the long-wavelength component of the CD couplet. For example,
if a clockwise/counterclockwise rotation is needed in order to superimpose the transition dipole
moment of the front chromophore onto the one in the back, then the exciton CD couplet will have
a positive/negative chirality; in other words, the long-wavelength component of the exciton
coupling band will have a positive/negative value of molar ellipticity.126
Equation (4.1) indicates that the amplitude of an exciton CD couplet arising from two
identical chromophores depends on the square of its absorption extinction coefficient (ε). 187 Thus,
we hypothesize that the far-UV CD signal produced by two 5-cyano-tryptophan (TrpCN)
chromophores would be larger than that induced by two Trp residues, when other factors (i.e.,
distance and orientation) are identical or similar. This is because, as indicated (Figure 4.1), the
extinction coefficient of the π→π* transition (i.e., the 1A1 to 1Bb transition) of 5-cyanoindole (the
sidechain of TrpCN) in methanol, is almost twice as large as that of indole (the sidechain of Trp).
In addition, and perhaps more importantly, the far-UV absorption spectrum of 5-cyanoindole (and
also TrpCN) is red-shifted by ~20 nm from that of indole (and Trp), thereby resulting in a smaller
overlap between the TrpCN CD signal and that arising from the protein backbone. Indeed, in many
cases the far-UV CD signals arising from naturally occurring aromatic residues, including Trp,
are difficult to discern, due to such spectral overlaps.185 Thus, we believe that these unique
spectral features will make the CD couplet arising from a pair of TrpCN residues a useful probe of
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protein structures.
To test this notion, we studied a series of TrpCN-containing peptides that can form either
an α-helical or a β-hairpin structure in appropriate solvents. Indeed, the CD spectra of those
peptides show strong and distinct TrpCN CD signals that depend on the peptide conformation, thus
providing a direct validation of this idea. Since one of the π→π* transitions of the unnatural
amino acid p-cyano-phenylalanine (PheCN) is shifted to 240 nm, we also investigated the potential
utility of the CD couplet arising from the electronic coupling between PheCN and TrpCN and
between a pair of PheCN residues. We found that when these two unnatural amino acids were
brought into contact in a β-hairpin peptide, they produced an intense CD couplet with the longwavelength component centered at around 247 nm. Similarly, we found that two Phe CN residues,
when placed next to each other in an α-helical peptide, also yielded an observable CD couplet.
Thus, taken together, these results indicate that these nitrile-derivatized amino acids can be used
to probe protein tertiary structural formation via CD measurements. Given the fact that the CN
stretching vibration of TrpCN and PheCN has been shown to be a useful site-specific infrared (IR)
probe of proteins,79,99,162 we believe that the findings from the current study will further expand
their spectroscopic utilities.

4.2 Experimental Section

4.2.1 Materials and Sample Preparation
All peptides were synthesized on a microwave assisted automated Liberty Blue peptide
synthesizer (CEM Corporation, Matthews, NC) using Fmoc-protected amino acids purchased
from Protein Technologies, Inc. (Tucson, Az). Peptide purification was achieved by reversephase high-performance liquid chromatography (HPLC) and the identity of each peptide was
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confirmed by matrix-assisted laser desorption ionization (MALDI) mass spectrometry. All
peptide samples were prepared by dissolving lyophilized peptide solids in 10 mM sodium
phosphate buffer (pH 7.0) or in a mixture of 10 mM sodium phosphate buffer (pH 7.0) and 2,2,2trifluoroethanol (TFE). The peptide concentration was determined optically using the absorbance
of the peptide at 280 nm and an ε280 = 5500 cm-1 M-1 for TrpCN188 and an ε280 = 850 cm-1 M-1 for
PheCN.55 UV-Vis spectra were collected on a Perkin-Elmer Lambda 25 UV-Vis spectrometer.
All CD data were collected on an Aviv 62 DS spectrometer (Aviv Biomedical, NJ) using a 1 mm
sample cuvette.

4.3 Results and Discussion
To verify whether a pair of TrpCN residues can produce a useful CD couplet, we first studied a
Trp to TrpCN mutant of an antimicrobial peptide, CP10A. We then studied three alanine-based
peptides, with each containing two but differently located TrpCN residues. Next, we studied a Trp
to TrpCN mutant of Trpzip5, a β-hairpin designed by Cochran et al.132 Finally, we investigated the
Trp to TrpCN and Phe to PheCN double mutant of another stable β-hairpin, designed through “loop
optimization” by Andersen and coworkers.189

4.3.1 CP10A TrpCN Mutant
CP10A is an indolicidin-based antimicrobial peptide that contains five Trp residues (sequence:
ILAWKWAWWAWRR-NH2) and adopts an α-helical structure when bound to membranes.190,191
In addition, a previous study190 reported the CD spectra of CP10A obtained under different
solvent conditions. Therefore, this peptide can serve as a convenient model system to compare the
CD signals arising from Trp and TrpCN sidechains. Specifically, all of the five native Trp residues
in CP10A were replaced with TrpCN (hereafter referred to as CP10A-TrpCN). As shown (Figure
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4.2), the CD spectrum of CP10A-TrpCN collected in the presence of DPC micelles (at a
peptide:lipid ratio of 1:100) shows the characteristics of an α-helical secondary structure (i.e.,
with two minima at 208 and 222 nm), indicating that the Trp to Trp CN mutations have not
changed the membrane-binding property of this peptide. More importantly, in both 20% TFE and
DPC micelle solutions, the CD spectra of CP10A-TrpCN exhibit an exciton CD couplet with a
negative long-wavelength component (at about 247 nm for TFE and 243 nm for DPC micelles),
confirming the notion that TrpCN-TrpCN electronic coupling can result in a strong CD couplet in
the far-UV region.
The CD spectrum of CP10A-TrpCN obtained in 100% TFE also supports this picture as its
TrpCN CD signal is significantly increased, as expected for an exciton coupling occurring in an
environment with a much lower dielectric constant. For comparison, as indicated in the study of
Friedrich et al.,190 the CD spectrum of CP10A obtained in 100% TFE contains a much smaller
contribution from the Trp sidechains. Thus, these results indicate that the CD couplet arising from
a pair of TrpCN residues could be a useful spectroscopic probe of protein structures.

4.3.2 Alanine-Based Peptides
To further substantiate the utility of the TrpCN CD couplet as a probe of α-helix formation, we
studied three Ala-based peptides with the following sequences: GKAAAAKAAA-TrpCN-TrpCNKAAAAKG (referred to as H0-TrpCN), GKAAAAKAA-TrpCN-A-TrpCN-KAAAAKG (referred to
as H1-TrpCN), and GKAAAAK-TrpCN-AAA-TrpCN-KAAAAKG (referred to as H3-TrpCN). As
shown (Figure 4.3), the CD spectra of H0-TrpCN and H1-TrpCN show that both peptides are
disordered in buffer solution and the TrpCN CD couplet is not detectable. This latter finding
indicates that in both cases the TrpCN sidechains do not show any significant and preferential
interactions, likely due to the excluded volume effect and/or rigidity of the backbone units
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separating them. In other words, the two TrpCN sidechains can sample a wide range of spatial
orientations with respect to each other and, as a result, leading to an (averaged) undetectable CD
couplet. However, upon addition of 20% TFE, α-helix formation is induced for both the peptides
and this fixes the TrpCN sidechains to discrete rotameric states, with orientations that favor TrpCNTrpCN coupling. The CD spectra of H0-TrpCN and H1-TrpCN clearly indicate the development of a
CD couplet in the wavelength region of ~230-255 nm. A closer comparison indicates that the
TrpCN CD couplets of these two peptides show measurable differences in both position and
amplitude, reflecting the sensitivity of the underlying exciton coupling to the distance between
the chromophores and their orientations.
Interestingly, as shown (Figure 4.4), the CD spectrum of H3-TrpCN obtained in buffer
solution contains a significant contribution from the TrpCN residues, indicating that in this case
they can preferentially interact with each other. This is consistent with the study of Finnegan and
Bowler192 and other studies193–196 which showed that aromatic amino acids, particularly Trp and
Phe promote residual structure formation under denaturing conditions. Furthermore, in 20% TFE,
the TrpCN CD couplet of H3-TrpCN, unlike that of H1-TrpCN (and H0-TrpCN), has a positive longwavelength component. This is in agreement with the expectation that when using the Trp CN at
position 12 as the front chromophore, the angle, γ, will first increase and then change sign when
the back chromophore progressively moves away from the front one along an α-helix.
For comparison, we also studied a Trp analog of the H0-TrpCN peptide i.e., H0-Trp
(sequence: GKAAAAKAAA-Trp-Trp-KAAAAKG). As shown (Figure 4.5), the CD spectrum of
H0-Trp obtained in 20% TFE indicates that it also adopts an α-helical conformation, as expected.
However, there is no detectable CD couplet arising from the Trp-Trp exciton coupling, whose
long-wavelength component is typically located at around 230 nm. Thus, this result and those
obtained with the TrpCN-containing helical peptides further corroborate the idea that TrpCN is a
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more sensitive CD probe than Trp, due to its larger extinction coefficient.

4.3.3 Trpzip5-TrpCN
Cochran et al.132 have shown that a cross-strand Trp pair interacting in an edge-to-face manner
can stabilize β-hairpin structures. Their CD measurements indicated that such Trp-Trp interaction
produces a CD couplet with a positive long-wavelength component centered around 230 nm.
Thus, to further test the utility of the TrpCN CD couplet in monitoring β-hairpin formation, we
studied a mutant of one of the β-hairpins designed by Cochran et al., Trpzip5 (sequence:
GEWTYDDATKTFTWTE), where the two Trp residues are replaced with Trp CN (the resultant
peptide is referred to as Trpzip5-TrpCN). As expected (Figure 4.6), the CD spectrum of Trpzip5TrpCN shows the presence of a strong exciton CD couplet with a positive long-wavelength
component centered at 248 nm. Further measurements of the CD signal at this wavelength at
different temperatures (T) yields a CD T-melt curve (Figure 4.7) that is similar to that of
Trpzip5.132 Therefore, taken together, these results provide further evidence that the CD couplet
produced by a pair of TrpCN can be used to probe protein tertiary structures.

4.3.4 PheCN-PheCN and PheCN-TrpCN exciton couplets
Since PheCN exhibits a strong absorption peak around 240 nm,94 which is well separated from the
far-UV absorption spectrum of protein backbone, we also investigated whether a pair of PheCN
residues or a PheCN and TrpCN pair can produce an observable CD exciton couplet. To study the
PheCN-PheCN coupling, we employed a peptide that has a similar sequence as that of H0-TrpCN,
i.e., GKAAAAKAAA-PheCN-PheCN-KAAAAKG (referred to as H0-PheCN). As shown (Figure
4.8), the CD spectrum of this peptide collected in 20% TFE shows a detectable Phe CN-PheCN
exciton CD couplet with a positive long-wavelength component at about 242 nm, manifesting its
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potential utility as a structural probe.
In a recent study on the role of aryl-aryl interactions in β-hairpin folding, Andersen and
coworkers189 systematically examined the effect of various cross-strand interactions that can
promote β-hairpin formation. In particular, they found that a peptide with the following sequence,
KKYTFNPATGKWTVQE, can fold into a β-hairpin conformation at room temperature, due to a
favorable Phe-Trp interaction with Trp occupying the face position and Phe at the edge position.
Herein, we utilized this β-hairpin as a model to further test whether the exciton coupling between
TrpCN and PheCN can produce a useful CD couplet by mutating the Trp and Phe residues to Trp CN
and PheCN, respectively (the resultant peptide is referred to as β-PheCN-TrpCN. As shown (Figure
4.9), this peptide indeed produces a CD spectrum that exhibits a strong CD couplet arising from
PheCN and TrpCN coupling, thus confirming the notion that a pair of PheCN and TrpCN residues can
be used as a CD probe to interrogate structure and conformational changes in proteins.

4.4 Conclusion
While the CD signals resulting from protein backbone units are routinely used to examine protein
conformation and conformational changes, they do not offer any site-specific information. On the
other hand, an exciton CD couplet arising from two aromatic sidechains is more useful in this
regard as it can provide structural information between two specific sites. However, the most
frequently utilized sidechain exciton CD couplet in the far-UV spectral region, i.e., that produced
by a pair of Trp residues, is relatively weak and overlaps significantly with the protein backbone
CD signals. In an effort to introduce alternative and perhaps better sidechain-based CD probes,
we investigate the utility of the CD couplets arising from the exciton couplings between two
TrpCN chromophores, between two PheCN chromophores, and between a pair of TrpCN and PheCN
chromophores. Our results show that the exciton CD signals produced by those chromophore
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pairs are significantly red-shifted from those of protein secondary structures, thus making them
more convenient to use in practice. Moreover, we find that under the same conditions, the TrpCN
exciton CD couplet is more intense than that arising from a pair of Trp residue, thus making it a
more sensitive spectroscopic probe of proteins.
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Figure 4.1 Absorption spectra of indole and 5-cyano-indole in methanol, as indicated. In both
cases, the solute concentration was 28 mM, as determined by weight.
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Figure 4.2 CD spectra of CP10A-TrpCN at 4.0 °C in different solvents, as indicated.
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Figure 4.3 CD spectra of H0-TrpCN and H1-TrpCN at 4.0 °C in 20% TFE and 10 mM sodium
phosphate buffer (pH 7.0), as indicated.
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Figure 4.4 CD spectra of H3-TrpCN at 4.0 °C in 20% TFE and 10 mM sodium phosphate buffer
(pH 7.0), as indicated.
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Figure 4.5 CD spectrum of H0-Trp at 4.0 °C in 20% TFE and 10 mM sodium phosphate buffer
(pH 7.0), as indicated.
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Figure 4.6 CD spectrum of Trpzip5-TrpCN at 1.0 °C in 10 mM sodium phosphate buffer (pH 7.0).
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Figure 4.7 CD thermal melt curve of Trpzip5-TrpCN monitored at 248 nm.
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Figure 4.8 CD spectrum of H0-PheCN at 4.0 °C in 20% TFE.
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Figure 4.9 CD spectrum of β-PheCN-TrpCN at 1.0 °C in 10 mM sodium phosphate buffer (pH 7.0).
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5 Do Guanidinium and Tetrapropylammonium Ions Specifically
Interact with Aromatic Amino Acid Sidechains?
Reprinted with permission from Proceedings of the National Academy of Sciences of the United
States of America, Bei Ding, Debopreeti Mukherjee, Jianxin Chen, Feng Gai, (2017) 114, 10031008. Copyright (2017) National Academy of Sciences.

5.1 Introduction
The stability of a protein, or more precisely, the free energy difference between its folded and
unfolded states, can be modulated by various solution properties. For example, addition of
another solute to a protein solution can result in either a decrease or increase in this protein’s
stability.197–199 The most noticeable example in this regard is the Hofmeister series, a group of
ions that are ranked based on their protein denaturing abilities.200,201 Among this series, the
guanidinium ion (Gdm+) is the most widely used chemical agent in protein denaturation due to its
strong destabilizing effect and high solubility in water. Consequently, its mechanism of action has
been subjected to extensive studies.59,202–206 While different interpretations have been put forth,
the generally accepted notion is that Gdm+ denatures a protein by preferentially interacting with
its peptide groups,202,206,207 including certain sidechains.206,208–210 In particular, it has been
hypothesized that Gdm+, which exists in aqueous solution as a rigid, flat object,211,212 can engage
in stacking interactions with amino acids consisting of planar sidechains, such as arginine
(Arg),212 asparagine (Asn),206,209 glutamine (Gln),206,209 and aromatic residues.208–210,213 However,
to the best of our knowledge, the only experimental evidence that supports this hypothesis comes
from crystallographic data,208–210,213 which show that the guanidinium group of Arg is more
frequently found to be stacked against the sidechain of tyrosine (Tyr) or tryptophan (Trp) in
proteins. Therefore, additional experimental studies that can directly probe such stack interactions
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in solution are needed.
Another ion in the Hofmeister series that has a similar protein denaturing capability to
Gdm+ is tetrapropylammonium (TPA+).208 However, a recent study by Dempsey et al.207 found
that while TPA+, like Gdm+, can denature a tryptophan (Trp) zipper β-hairpin (i.e., trpzip1) at a
sufficiently high concentration (>1.0 M), it stabilizes this β-hairpin at lower concentrations and
also the α-helical conformation of an alanine-based peptide. This observation led them to
conclude that a TPA+ ion, which has four roughly flat faces, can interact favorably with planar
aromatic sidechains, but is excluded from interacting with peptide backbone due to its large
size.207 While the finding that TPA+ can denature trpzip1 is consistent with an earlier molecular
dynamics (MD) simulation,208 which revealed that TPA+ has a longer residence time on the indole
ring of Trp than on other non-aromatic sidechains in the peptide melittin, the stabilizing actions of
TPA+ remain to be explained.207 In addition, results obtained with dielectric spectroscopy and
ultrafast infrared (IR) spectroscopy214 on a series of tetra-n-alkylammonium salts indicated that
ions consisting of long alkyl chains, such as TPA+, can cause the motion of nearby water
molecules to slow down, owing to their larger hydrophobic surfaces and hence the so-called
hydrophobic hydration. However, it is not clear how such hydration property of TPA+ would
contribute to its interaction with different protein moieties.
While previous studies207,208 have provided many insights on the protein denaturation
mechanisms of Gdm+ and TPA+ ions, their molecular actions have not been directly probed from
the perspective of the protein. In this regard, it would be quite advantageous to devise an
experimental approach that is capable of revealing information on specific interactions of interest,
such as interactions between Gdm+/TPA+ ions and a specific amino acid sidechain. To achieve
this goal, herein we employ multiple spectroscopic methods and two unnatural amino acids, pcyano-phenylalanine (PheCN) and 5-cyano-tryptophan (TrpCN), to directly assess whether protein
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aromatic sidechains can preferentially interact with Gdm+ and TPA+ ions. Both the C≡N
stretching vibration78,162 and fluorescence quantum yield188,215 of PheCN and TrpCN have been
shown to be sensitive to their local environment. Thus, the premise of our study is that any
specific ion-sidechain interaction will manifest itself as a change in the local hydration and
electrostatic environment of the spectroscopic probe used, which can be assessed by either
infrared (IR) or fluorescence spectroscopy. Several previous studies 78,216–218 have demonstrated
that two dimensional IR (2D IR) spectroscopy is ideally suited to study such changes as it is
capable of reporting the frequency-frequency correlation function of the IR vibration in question
and hence the dynamics of motions (arising from both hydration and protein conformational
heterogeneities) that contribute to the overall bandwidth of the IR spectrum. Our results show
that, contrary to the conventional expectation, Gdm+ does not specifically stack on aromatic
sidechains. On the other hand, consistent with molecular dynamics simulations, 208 TPA+ exhibits
a strong affinity toward aromatic sidechains and, at approximately 1.3 M, TPA+ aggregates to
form clusters that provide an interfacial region, which, similar to that found in lipid membranes
and micelles,219 can help anchor Trp sidechains and also promote α-helix formation in alaninebased peptides, due to dehydration and hence a lower dielectric environment.

5.2 Experimental Section

5.2.1 Materials and Sample Preparation
Guanidinium chloride (GdmCl) and tetrapropylammonium chloride (TPACl) with ≥99% purity
were purchased from Sigma-Aldrich and used as received. Fmoc-p-cyano-phenylalanine-OH and
Fmoc-5-cyano-L-tryptophan-OH were purchased from Bachem Americas (Torrance, CA) and
RSP amino acids (Shirley, MA). All other amino acids were purchased from Advanced
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ChemTech (Louisville, KY). All peptides used in the current study were synthesized on a Liberty
Blue microwave peptide synthesizer (Matthews, NC), and then purified by a reverse-phase
Agilent Technologies 1260 Infinity HPLC (Wilmington, DE) equipped with a Vydac C18
preparative column. The identities of these peptides were verified by either matrix assisted laser
desorption ionization mass spectroscopy (MALDI-MS) or liquid chromatography-mass
spectroscopy (LC-MS). For samples used in the FTIR and 2D IR experiments, the peptide
concentration was 50 mM for GFCNG and GWCNG and 20 mM for 2WCNP, determined optically
using the molar extinction coefficients at 280 nm of 850 cm-1 M-1 for GFCNG, 5500 cm-1 M-1 for
GWCNG and 11000 cm-1 M-1 for 2WCNP. For samples used in the fluorescence and CD
experiments, the peptide concentration is in the range of 40 - 80 μM.

5.2.2 Linear and 2D IR Measurements
The IR sample holder consists of two CaF2 windows separated by a 25 μM Teflon spacer. FTIR
experiments were performed on a Magna-IR 860 spectrometer using 1 cm-1 spectral resolution.
The home-built 2D IR setup has been described in detail previously.78,220 Briefly, the third-order
response is generated by focusing three femtosecond IR beams onto the sample in a box-car
geometry, which was then heterodyned with the local oscillator (LO) pulse. Then the signal was
dispersed by a monochromator, and detected with a 64-pixel liquid nitrogen cooled array detector
(Infrared Associates, FL). Rephasing and nonrephasing data were measured by scanning the time
delay (τ) at 2-fs steps between k1 and k2 from -4.0 to +3.5 ps. The delay time (T) between k1/k2
and k3 pulses was varied from 0 to 4 ps. Data analysis was done as previously described. 1,2 The
uncertainties of the CLS parameters in Tables 1 - 3 were estimated from the corresponding fitting.
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5.2.3 Fluorescence Measurements
Fluorescence

spectra

were

recorded

using

a

Jobin

Yvon

Horiba

Fluorolog

3.10

spectrofluorometer at room temperature with a 1 cm quartz cuvette. The spectral resolution was
1.0 nm and the integration time was 1.0 nm/s. The excitation wavelength was 280 nm for all the
measurements.

5.2.4 CD Measurements
CD spectra were obtained with an Aviv 62 DS spectrometer (Lakewood, NJ) using a 1 mm
cuvette.

5.3 Results and Discussion
To access whether Gdm+ and TPA+ can specifically interact with the two aforementioned
aromatic unnatural amino acid sidechains (i.e., PheCN and TrpCN) in a polypeptide environment,
we first examined the dynamics of the C≡N stretching vibration of two peptides, Gly-PheCN-Gly
and Gly-TrpCN-Gly (hereafter referred to as GFCNG and GWCNG, respectively) in the presence
and absence of Gdm+ and TPA+ ions using Fourier transform infrared (FTIR) and 2D IR
spectroscopies. We chose these peptide sequences to ensure the full exposure of the respective
aromatic sidechains to solvent and to avoid any sidechain-sidechain interactions. The latter could
complicate interpretation of the spectroscopic results. We then further verified our finding on
TrpCN-TPA+

interactions

using

a

longer

peptide

with

the

following

sequence:

SWCNTAENGKATWCNK (hereafter referred to as 2WCNP). In addition, we also employed an
alanine-based peptide (sequence: GKAAAAKWCNAAAWCNKAAAAKG) and an antimicrobial
peptide (sequence: INWKGIAAMAKKLL), both can be induced to form α-helix by TFE, to test
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the helix-inducing ability of TPA+ ions. Wherever applicable, we also carried out fluorescence
and circular dichroism (CD) measurements to substantiate the IR results.

5.3.1 Linear and 2D IR Studies
As shown (Figures 5.1, 5.2, and Table 5.1), the FTIR spectra of GFCNG and GWCNG obtained
under different solvent conditions indicate that both Gdm+ and TPA+ (at high concentrations)
affect the C≡N stretching vibrations of PheCN and TrpCN in these peptides. Specifically in 6.0 M
GdmCl solution the C≡N stretching bands of both peptides show a small but measurable red-shift
(i.e., ca. 1.6 cm-1 for GFCNG and ca. 1.3 cm-1 for GWCNG) in comparison to their respective peak
frequencies in pure water. In addition, the width of these bands shows a slight increase (<10%) in
the presence of 6.0 M GdmCl. The FTIR results obtained with GFCNG are consistent with those
determined by Ma et al.78 and Pazos et al.221 Interestingly, addition of 2.0 M TPACl results in a
similar but more pronounced effect on the C≡N stretching vibration of these peptides – it shifts
the peak frequency by ~2.8 cm-1 for both peptides, and perhaps more importantly, it increases the
bandwidth by ~31% for GFCNG and ~18% for GWCNG (Table 5.2). In comparison, these linear IR
results indicate that TPA+ has a larger effect on the local environment of the C≡N probe than
Gdm+. For both PheCN and TrpCN, upon changing the solvent from water to tetrahydrofuran (THF)
the C≡N stretching vibrational band is shifted to a lower frequency and also becomes
narrower.99,162 Therefore, these linear IR results further suggest that - (1) both TPA+ and Gdm+ (to
a lesser extent) can affect the local hydration status of aromatic sidechains and (2) TPA +, but not
Gdm+, can specifically accumulate around those aromatic moieties, because the latter does not
lead to any significant increase in the IR bandwidth and hence the inhomogeneous part of the
C≡N vibrational linewidth. In other words, our findings suggest that Gdm+ only indirectly affects
the hydration properties of aromatic sidechains.
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In order to provide a more quantitative assessment of the effect of Gdm+ and TPA+ on the
dynamics of the C≡N stretching vibration of those peptides, we performed 2D IR measurements.
For an inhomogeneously broadened IR band, its diagonal 2D IR peak at a relatively short waiting
time (i.e., T) would assume an elliptical contour.222 As shown (Figures 5.3 and 5.4), the 2D IR
spectra of GFCNG and GWCNG obtained under different solvent conditions all have an elongated
shape along the diagonal direction at T = 250 fs, confirming that the corresponding linear IR
bands are inhomogeneously broadened. Based on the method of Kwak et al,223 we further
determined the inhomogeneous contribution to the total bandwidth in each case. As indicated
(Table 5.2), the results corroborate the aforementioned notion that TPA+ ions can preferentially
interact with PheCN and TrpCN, leading to an increase in the inhomogeneous part of the
bandwidth. In addition, those 2D spectra indicate that Gdm+ and TPA+ have distinctly different
effects on the spectral diffusion dynamics (i.e., the change in the shape of a 2D IR signal as a
function of T) of the C≡N vibration in those peptides. Following the work of Fayer and
coworkers,223 we quantified the spectral diffusion dynamics using the center line slope (CLS)
method. Consistent with previous 2D IR studies on the C≡N stretching vibration in the condensed
phase, the CLS-1 versus T plots of GFCNG and GWCNG obtained in pure water and solutions
containing 6.0 M GdmCl or 2.0 M TPACl can be fit by the following single-exponential function
(Figure 5.5) with those parameters listed in Table 5.1:
CLS 1 (T )  A  exp(  T  )  B

(5.1)

The exponential term in this equation arises from a spectral diffusion process that is resolvable
within the time window of the 2D IR experiment, whereas the offset term (i.e., B) represents the
total contribution from other underlying dynamic processes that are too slow to be
resolved.78,216,217,224 Combined, these processes determine the total inhomogeneous bandwidth of
the C≡N stretching vibration.
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For an oscillator that is capable of forming hydrogen-bonds with water, such as the CN
group in the current case, the exponential component in Equation (5.1) is typically attributed to
the dynamics of hydrogen bonds formed between the oscillator and water molecules.78,216,217,224 As
shown (Table 5.1), for both GFCNG and GWCNG, the major effect of 6.0 M GdmCl is manifested
by a modest increase in the offset B value, which, according to previous studies, could be
attributed to the increase in viscosity. Thus, this finding is consistent with the linear IR results and
also the abovementioned notion that GdmCl does not increase in any significant manner the
inhomogeneity of the environment sampled by PheCN and TrpCN in these peptides. On the
contrary, the effect of 2.0 M TPACl on the spectral diffusion dynamics of the C≡N stretching
vibration of both peptides is much more pronounced (Table 5.1), with a substantial increase in the
B value in both cases. This result indicates that at a concentration of 2.0 M, TPA + ions can
effectively slow down certain dynamic motions in both peptides that contribute to the spectral
diffusion dynamics of the C≡N stretching vibration and hence its IR bandwidth. Thus, this
finding corroborates the conclusion reached above that TPA+ ions specifically accumulate around
aromatic sidechains, likely through the stacking interactions suggested by Mason et al.208
A closer comparison of the spectral diffusion dynamics of the C≡N probes in GFCNG and
GWCNG obtained in 2.0 M solution of TPACl further indicates that TPA+ ions affect the
hydration status of PheCN and TrpCN differently (Figures 5.5 and 5.6). It is apparent that for
GFCNG, interacting with TPA+ ions does not result in any significant change in the hydrogenbonding component of the spectral diffusion dynamics, whereas for GWCNG, interactions
between TrpCN and TPA+ ions essentially eliminate this picosecond dynamic component. In other
words, these results show that interaction with TPA+ ions causes the TrpCN sidechain to be more
dehydrated than that of PheCN, a picture that is consistent with the MD simulation of Mason et
al.208 which suggested that TPA+ ions interact more strongly with the indole ring of Trp than with
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other hydrophobic groups in the antimicrobial peptide melittin. Despite this stronger interaction,
however, based on the 2D IR results alone we cannot rule out the possibility that there are no
water molecules surrounding the TrpCN sidechain in the presence of 2.0 M TPA+. Nonetheless,
these water molecules, if any, should be less mobile than bulk water and hence do not cause the
C≡N stretching frequency to fluctuate on the timescale of our experiment, as observed in other
examples.217,225

5.3.2 Fluorescence Studies
To help better understand the results obtained with linear and non-linear IR spectroscopic
methods, we also performed fluorescence measurements. It has been shown that the fluorescence
quantum yields of PheCN and TrpCN are sensitive to interactions with water molecules,188,215 with a
relation that hydration increases/decreases the fluorescence intensity of Phe CN/TrpCN. Thus, both
unnatural amino acids can in principle be used as fluorescence probes to assess how Gdm+ and
TPA+ affect the local hydration status of PheCN and TrpCN in GFCNG and GWCNG. However, we
only carried out fluorescence experiment on GWCNG because Cl- is known to significantly
quench the fluorescence of PheCN.215 As shown (Figure 5.7 inset), the TrpCN fluorescence intensity
of GWCNG in 6.0 M GdmCl solution is slightly lower than that in pure H2O. However, addition of
2.0 M TPACl leads to a significant increase in the fluorescence intensity of Trp CN (ca. 9.7 times)
in comparison to that obtained in pure H2O. Taken together, these results indicate that TPA+ ions
(at 2.0 M), but not Gdm+ ions (at 6.0 M), show preferential interactions with TrpCN (and hence
Trp), resulting in either partial or complete dehydration of its sidechain, as concluded from the IR
experiments.
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5.3.3 Concentration Dependent Studies
To gain further insight into the interaction between TPA+ and aromatic sidechains, we carried out
similar linear and non-linear IR studies on GFCNG and GWCNG in solutions of different molar
concentrations of TPACl ([TPACl]). As expected, for both peptides increasing [TPACl] leads to a
decrease/increase in the frequency/bandwidth of the C≡N stretching vibration (Table 5.3, Figures
5.8 to 5.10), which is accompanied by an increase in the static component in the respective C≡N
spectral diffusion dynamics (Table 5.1). In addition, while the hydrogen-bonding dynamics
component of GFCNG does not show a significant dependence on [TPACl], the same component
of GWCNG becomes practically undetectable within our experimental uncertainty when [TPACl]
is increased to about 1.5 M (Figures 5.11 to 5.14). As indicated (Figure 5.15), a further
fluorescence titration experiment reveals that the fluorescence intensity of Trp CN in GWCNG
exhibits an unusual dependence on [TPACl] – it increases linearly as a function of [TPACl] with
one slope in the range of 0 – 1.3 M but a steeper slope between 1.3 and 2.0 M (Figure 5.7). This
indicates that there is a distinct aggregation event occurring at about 1.3 M. Interestingly, a
dielectric spectroscopy study by Buchner et al.226 on tetrapropylammonium bromide (TPABr)
aqueous solutions showed that the dispersion amplitude of the water trapped in the hydration shell
of TPA+ ions increases with [TPABr] and reaches a maximum at 1.3 M, which, based on neutron
scattering experiments,227 was attributed to TPA+ aggregation taking place at concentrations
above this critical value. Similarly, the study of Bakker and coworkers214 on the dynamics of
water surrounding tetra-n-alkylammonium ions with long alkyl chains also suggested ion
aggregation. Thus, taking those previous findings into consideration, our IR and fluorescence
results provide further direct evidence that aggregated and non-aggregated TPA+ ions have
different effects on the hydration dynamics of the sidechain of Trp CN and, perhaps more
importantly, that aggregated TPA+ ions are more effective in dehydrating TrpCN (and hence Trp).
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The latter is reminiscent of the phenomenon that Trp prefers the interfacial region of lipid
membranes228 and association with this region leads to dehydration of its indole moiety.229 Thus,
this result suggests that above the critical concentration of 1.3 M, TPA+ ions aggregate to form
clusters that exhibit a distinct water-hydrophobic interface. Furthermore, considering the finding
of Dempsey et al.207 that TPA+ shows a denaturing effect toward trpzip1 only when its
concentration is higher than 1 M, we believe that the aggregated and non-aggregated TPA+ ions
have different effects on protein hydrophobic interactions and that the protein denaturing ability
of TPA+ arises from its aggregated clusters.

5.3.4 Effect on a Longer Peptide
To further validate the findings obtained with GWCNG, we used the same approach to study a
longer peptide, 2WCNP. As shown (Table 5.4 and Figure 5.16), the linear IR spectroscopic
properties of the C≡N stretching vibration of 2WCNP obtained in 6.0 M GdmCl and 2.0 M TPACl
solutions are almost identical to those of GWCNG obtained under the same solvent conditions.
However, the C≡N stretching vibrational band of 2WCNP in pure water is broader (by 1.1 cm-1)
than and red-shifted from (by 0.8 cm-1) that of GWCNG. This suggests that in comparison to
GWCNG, the longer 2WCNP peptide can sample a larger conformational space, as expected. In
fact, the 2D IR spectra of 2WCNP in pure water (Figure 5.17) show that there are two resolvable
spectral features within the profile of the linear C≡N stretching band, at ~2225 (strong) and
~2217 cm-1 (weak), respectively, indicative of two distinct population ensembles. As shown
(Figure 5.18), the CD spectrum of 2WCNP in pure water consists of not only a broad, negativegoing band at 198 nm expected for a disordered peptide, but also a weak CD band at ~245 nm.
Previously, we have shown that in a well-folded peptide structure, a pair of nearby TrpCN residues
can produce a strong CD couplet at this wavelength due to excitonic coupling.230 Thus, the CD
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spectrum of 2WCNP is not only consistent with the 2D IR results but also suggests that the minor
population ensemble corresponds to a more compact conformation wherein the two aromatic
sidechains are in close proximity. In 6.0 M GdmCl solution this excitonic CD band only becomes
weaker, which supports the notion that Gdm+ ions do not specifically and strongly interact with
the sidechain of TrpCN. One the other hand, this excitonic CD band is not detectable in 2.0 M
TPA solution, suggesting, once again, preferential binding of TPA+ to TrpCN sidechains. What is
more, the CD spectrum of 2WCNP in 2.0 M TPACl solution is composed of two negative-going
peaks, centered at ~205 and ~225 nm, respectively, suggesting that TPA+ ions promote formation
of (partial) α-helical structures. This finding is consistent with the study of Dempsey et al,207
which showed that 2 M TPACl promotes α-helix formation in an alanine-based peptide.
As shown (Figure 5.19), the spectral diffusion dynamics of the C≡N stretching vibration
of 2WCNP in pure water exhibits a similar hydrogen-bonding kinetic phase comparing to that of
GWCNG; however the corresponding static component is much larger. This is well expected for a
longer peptide consisting of different sidechains, because a greater portion of the conformational
dynamics contributing to the linear IR bandwidth will occur on a timescale that is too slow to be
explicitly time resolved. As similarly observed for GWCNG, addition of 2.0 M TPACl to 2WCNP
solution essentially abolishes any observable hydrogen-bonding dynamics and also substantially
increases the static component in the spectral diffusion dynamics (Figure 5.19). Thus, these
results provide confirmation that TPA+ ions have a strong affinity toward Trp and the underlying
Trp-TPA+ interactions lead to dehydration of the indole ring. This notion is further substantiated
by the fact that the TrpCN fluorescence intensity of 2WCNP in 2.0 M TPACl solution is ~10 times
larger than that in pure water (Figure 5.20). Interestingly, addition of 6.0 M GdmCl results in a
decrease in the static component of the spectral diffusion dynamics of the C≡N stretching
vibration of 2WCNP (Figure 5.19). This result has two implications: (1) it supports the notion that
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Gdm+ ions do not strongly interact with protein aromatic sidechains and (2) it shows that, as
observed in a previous study,87 Gdm+ reduces the distribution of peptide conformational states
that interconvert on a timescale too slow to be captured by 2D IR measurements.

5.3.5 Implication on the Protein Denaturizing Mechanisms of TPA+ and Gdm+
Because of its enormous importance in chemistry and biology, the effect of ions on the activity
and structural integrity of proteins has been the subject of extensive studies. For a specific ion, its
mechanism of action is often assessed by examining its ability to alter the hydrogen-bonding
structure and dynamics of water, its affinity toward specific amino acid sidechains, and its
interaction with protein backbone units. For Gdm+ and TPA+, it has been suggested that they
denature proteins by directly interacting with various protein components. 202,206–210,212,213 By
taking advantage of two amino acid-based spectroscopic probes and multiple spectroscopic
techniques, herein we assess whether these ions can alter the hydration and conformational
dynamics of aromatic sidechains in a peptide environment. Taken together, our results show that
Gdm+ does not strongly bind to aromatic sidechains and hence is more likely to denature proteins
through interactions with the backbone. Of course, as a salt, GdmCl can also screen electrostatic
interactions that stabilize a protein’s native state. On the other hand, TPA+ does interact favorably
with aromatic sidechains, especially the indole ring of Trp. Furthermore, TPA+ exhibits a
behavior common to detergents or surfactants as it undergoes a distinct transition when the
concentration reaches a critical value (ca. 1.3 M) to form aggregates or clusters. While the current
study cannot reveal the structural characteristics of such TPA+ clusters, we believe that their
mode of interaction with proteins is, at least to some extent, similar to that of ionic surfactants.231
This is because, similar to the surfactant sodium dodecyl sulfate (SDS), which denatures globular
proteins by forming micelles and produces a denatured-state rich in α-helices,231 TPA+ clusters
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are able to disrupt the native hydrophobic interactions among aromatic sidechains in a β-hairpin,
causing it to unfold,207 and at the same time, are able to promote α-helical structure formation in
an alanine-based peptide.207 Despite these similarities, clusters formed by TPA+ ions are expected
to be different from SDS micelles in many aspects. This is because the polar group of TPA+,
unlike that of SDS or other surfactant molecules, is situated at the center of the molecular ion and
hence renders it impossible to yield a membrane-like environment as SDS does. Indeed, our CD
results (Figures 5.21 and 5.22) show that while TPA+ clusters can induce α-helix formation in an
alanine-based peptide, as observed by Dempsey et al,207 they do not increase the α-helicity of a
Trp3/TrpCN mutant of the antimicrobial peptide mastoparan-X that is known to form an
amphipathic α-helix upon binding to the interfacial region of lipid micelles or membranes.188
These results suggest that, unlike membrane-mimic micelles formed by surfactants, a single TPA+
cluster is unable to provide a continuous water-hydrophobic interface large enough to host an
entire α-helix. Instead, the helix-promoting ability of TPA+ clusters is likely achieved by
interacting with aromatic and hydrophobic sidechains in the peptide, which brings the
corresponding backbone unit(s) to a relatively low dielectric environment and hence increases the
possibility of local, backbone hydrogen-bond formation.232 This picture is consistent with the fact
that the α-helix-promoting ability of TPA+ clusters depends on the peptide sequence. For an
alanine-rich α-helix, most sidechains are not only identical but also quite uniformly and
symmetrically distributed along the helical axis. This uniform and symmetrical distribution of
TPA+-interacting hydrophobic sidechains allows multiple TPA+ clusters to be accumulated
around the peptide, which, collectively, yields a channel-like environment favorable for α-helix
folding. However, for a peptide with many different sidechains, while simultaneous interactions
with multiple TPA+ clusters are still feasible, there is no guarantee that these clusters are adjacent
to each other, thus reducing the possibility of forming a continuous membrane-like environment
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across the entire peptide and hence α-helix formation. Finally, it is worth noting that, unlike
clusters formed by protein-protecting cosolvents233 that are excluded from the protein surface, the
excluded-volume or crowding effect of TPA+ clusters is more localized and, as a result, will not
increase the protein stability through this entropic cause.

5.4 Conclusions
There are numerous examples in the literature documenting and investigating the effect of ions on
the physical and/or chemical properties of proteins and, among which, studies on proteindenaturing ions, such as Gdm+, are especially prevalent due to their important utility in protein
science. Despite previous efforts, however, we still lack a molecular-level understanding of the
protein-denaturing mechanism of many ions, especially organic ions. This is because such ions
can, in principle, engage in specific interactions with protein sidechains, an aspect that is difficult
to assess experimentally. Herein, we employ two unnatural amino acids, PheCN and TrpCN, both of
which have been shown to be useful as site-specific IR and fluorescence probes of protein local
environment, and multiple spectroscopic techniques to examine whether Gdm+ and TPA+
specifically interact with aromatic sidechains in a peptide environment. Our 2D IR results show
no evidence of this interaction for Gdm+, since it does not change the spectral diffusion dynamics
of the site-specific IR probes in any significant manner at the concentration of 6.0 M. Thus, as
suggested by other studies,202,204,206,234 Gdm+ most likely denatures proteins by binding to their
backbone units or charged side chains. On the other hand, TPA+ does exert a strong effect on the
spectral and dynamic properties of those probes and, at 2.0 M, causes TrpCN to be dehydrated.
Moreover, our fluorescence data show that TPA+ undergoes a transition in ionic aggregation state
at ca. 1.3 M, akin to the micellization behavior of surfactants. Taken together, these findings
suggest a protein-denaturing action, similar to that found for ionic micelles, wherein TPA+
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clusters disrupt native hydrophobic interactions by accumulating around hydrophobic sidechains.
In addition, as observed for micelles and membranes, the TPA+ clusters appear to have an
interfacial region that promotes α-helix formation in certain peptides and also provides an
anchoring position for the sidechain of TrpCN (and hence Trp). Furthermore, considering the
importance and complexity of the ion-protein interaction problem, we believe that the current
study demonstrates a novel approach of utilizing site-specific vibrational and fluorescent probes
in different protein moieties to help tease out relevant molecular information about specific
interactions between the ion and sidechain of interest. Currently, we are using different unnatural
amino acid-based IR probes and 2D IR spectroscopy to investigate whether Gdm+ ions
specifically interact with other types of amino acid sidechain.

5.5 Acknowledgements
We gratefully acknowledge financial support from the National Institutes of Health (P41GM104605).

98

Peptide/Solution

ω0, cm-1

FWHM, cm-1

A

τ, ps

B

GWCNG/H2O

2225.7

14.3

0.33  0.04

0.9  0.5

0.14  0.05

GWCNG/6.0 M
GdmCl

2224.4

15.0

0.32  0.02

0.7  0.1

GWCNG/2.0 M
TPACl

2222.9

16.9

N/A

N/A

GFCNG/H2O

2236.3

9.8

0.27  0.04

1.2  0.8

GFCNG/6.0 M
GdmCl

2234.7

10.8

0.27  0.02

2.1  0.6

GFCNG/2.0 M
TPACl

2233.5

12.8

0.24  0.02

1.4  0.3

0.21  0.01
0.52  0.01
0.02  0.05
0.05  0.03
0.28  0.05

Table 5.1 Center frequency (ω0) and width (FWHM) of the C≡N stretching vibration of GWCNG
and GFCNG in different solutions and the corresponding kinetic parameters obtained from 2D IR
measurements. The uncertainty of ω0 and FWHM is 0.2 cm-1.
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Homogeneous linewidth, cm-1

Inhomogeneous linewidth, cm-1

GWCNG/H2O

7.6

9.8

GWCNG/6.0 M GdmCl

7.1

10.9

GWCNG/0.5 M TPACl

7.4

11.4

GWCNG/1.0 M TPACl

5.4

13.3

GWCNG/1.5 M TPACl

7.4

12.6

GWCNG/2.0 M TPACl

8.1

12.2

GFCNG/H2O

7.0

5.3

GFCNG/6.0 M GdmCl

7.3

6.1

GFCNG/0.5 M TPACl

6.1

7.4

GFCNG/1.0 M TPACl

6.1

8.6

GFCNG/1.5 M TPACl

5.8

9.6

GFCNG/ 2.0 M TPACl

6.1

9.2

Peptide

Table 5.2 Homogeneous and inhomogeneous linewidths of the C≡N stretching vibration of
GWCNG and GFCNG in different solvents.
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Peptide/Solution

ω0, cm-1

FWHM, cm-1

A

τ, ps

B

GWCNG/H2O

2225.7

14.8

0.33  0.04

0.9  0.5

0.14  0.05

GWCNG/0.5 M
TPACl

2225.2

15.7

0.25  0.02

0.9  0.2

0.28 0.02

GWCNG/1.0 M
TPACl

2224.4

16.3

0.30  0.02

0.8  0.2

GWCNG/1.5 M
TPACl

2223.9

16.8

N/A

N/A

GWCNG/2.0 M
TPACl

2222.9

16.9

N/A

N/A

GFCNG/H2O

2236.3

9.8

0.30  0.04

1.3  0.8

GFCNG/0.5 M
TPACl

2235.6

11.1

0.39  0.03

1.0  0.2

GFCNG/1.0 M
TPACl

2234.9

12.1

0.38  0.02

1.9  0.3

GFCNG/1.5 M
TPACl

2234.1

12.9

0.36  0.02

1.6  0.3

GFCNG/2.0 M
TPACl

2233.5

12.8

0.24  0.02

1.4  0.3

0.37  0.01
0.56  0.01
0.52  0.01
0  0.05
0.06  0.02
0.12  0.02
0.19  0.02
0.28  0.01

Table 5.3 Center frequency (ω0) and width (FWHM) of the C≡N stretching vibration of GWCNG
and GFCNG in solutions with different TPACl concentrations and the corresponding kinetic
parameters obtained from 2D IR measurements. The uncertainty of ω0 and FWHM is 0.2 cm-1.
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Solution

ω0, cm-1

FWHM, cm-1

A

τ, ps

B

H2O

2224.9

15.4

0.31  0.04

0.8 0.2

0.36  0.02

6.0 M GdmCl

2224.2

15.3

0.32  0.05

0.8 0.2

0.22  0.01

2.0 M TPACl

2222.7

16.8

N/A

N/A

0.74  0.02

Table 5.4 Center frequency (ω0) and width (FWHM) of the C≡N stretching vibration of 2WCNP
in different solutions and the corresponding kinetic parameters obtained from 2D IR
measurements. The uncertainty of ω0 and FWHM is 0.2 cm-1.
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Figure 5.1 C≡N stretching bands of GWCNG obtained under different solvent conditions, as
indicated.
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Figure 5.2 C≡N stretching bands of GFCNG obtained under different solvent conditions, as
indicated.
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Figure 5.3 Representative 2D IR spectra of GWCNG in the C≡N stretching frequency region
obtained under different solvent conditions and at different waiting times, as indicated.
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Figure 5.4 Representative 2D IR spectra of GFCNG obtained under different solvent conditions,
as indicated.
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Figure 5.5 CLS-1 versus T plots of the C≡N stretching vibration of GWCNG obtained under
different solvent conditions, as indicated.
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Figure 5.6 CLS-1 versus T plots of the C≡N stretching vibration of GFCNG obtained under
different solvent conditions, as indicated.
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0.8

0.4
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Wavelength (nm)
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Figure 5.7 Normalized TrpCN fluorescence intensity (integrated area) of GWCNG as a function of
TPACl concentration. The lines represent linear regressions of the data obtained below [TPACl]
= 1.2 M and above [TPACl] = 1.4 M, respectively. These two lines cross at a TPACl
concentration of approximately 1.3 M. Shown in the inset are the TrpCN fluorescence spectra of
GWCNG obtained under different solvent conditions, as indicated.
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Figure 5.8 C≡N stretching bands of GWCNG obtained under different TPACl concentrations, as
indicated.

110

OD × 1000

30

[TPACl]
0.0 M
0.5 M
1.0 M
1.5 M
2.0 M

15

0
2210

2220

2230

2240

Wavenumber

2250

2260

(cm-1)

Figure 5.9 C≡N stretching bands of GFCNG obtained under different TPACl concentrations, as
indicated.
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Figure 5.10 Dependence of the frequency (open triangles) and FWHM (open circles) of the C≡N
stretching bands of GFCNG (red) and GWCNG (blue) on the concentration of TPACl.
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Figure 5.11 Representative 2D IR spectra of GWCNG obtained under different solvent conditions,
as indicated.
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Figure 5.12 Representative 2D IR spectra of GFCNG obtained under different solvent conditions,
as indicated.
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Figure 5.13 CLS-1 versus T plots of the C≡N stretching vibration of GWCNG obtained under
different TPACl concentrations, as indicated.
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Figure 5.14 CLS-1 versus T plots of the C≡N stretching vibration of GFCNG obtained under
different TPACl concentrations, as indicated.
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Figure 5.15 TrpCN fluorescence spectra of GWCNG obtained at different TPACl concentrations.
The corresponding dependence of TrpCN fluorescence intensity (integrated area) on [TPACl] is
shown in Figure 5.7.
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Figure 5.16 C≡N stretching bands of 2WCNP obtained under different solvent conditions, as
indicated.
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Figure 5.17 Representative 2D IR spectra of 2WCNP obtained under different solvent conditions,
as indicated.

119

[] (1000 deg cm2 dmol-1)

5

-5

H2O

-15

6.0 M GdmCl
2.0 M TPACl
-25
190

200

210

220

230

240

250

260

Wavelength (nm)

Figure 5.18 CD spectra of 2WCNP obtained under different solvent conditions, as indicated.
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Figure 5.19 CLS-1 versus T plots of the C≡N stretching vibration of 2WCNP obtained under
different solvent conditions, as indicated.
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Figure 5.20 Fluorescence spectra of 2WCNP obtained under different solvent conditions, as
indicated.
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Figure 5.21 CD spectra of an alanine-based peptide (sequence: GKAAAAKWCNAAAWCNKAAAAKG) obtained under different solvent conditions, as indicated. These results
demonstrate that the helix-promoting solvent trifluoroethanol (TFE), 2.0 M TPA+ induces α-helix
formation in this alanine-based peptide.
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Figure 5.22 CD spectra of a Trp3/TrpCN mutant of the antimicrobial peptide mastoparan-X
(sequence: INWKGIAAMAKKLL) obtained under different solvent conditions, as indicated.
These results show that 2.0 M TPA+ is ineffective in inducing α-helix formation in this peptide.
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6 Microscopic Insight into the Protein Denaturation Action of Urea and
Its Methyl Derivatives
Reprinted with permission from The Journal of Physical Chemistry B, Bei Ding, Lijiang Yang,
Debopreeti Mukherjee, Jianxin Chen, Yiqin Gao, and Feng Gai, (2018) 9, 2933-2940. Copyright
(2018) American Chemical Society.

6.1 Introduction
Urea is a naturally occurring osmolyte and protein denaturant. As such, its mechanism of action
has been the subject of extensive experimental and computational studies and, as a result, we now
know a great deal about the underlying intermolecular interactions that lead to protein
denaturation.197,198,211,235–238 A well-received view is that urea causes a protein to unfold by
directly interacting with various protein backbone and sidechain moieties via dispersion and/or
hydrogen-bonding (H-bonding) interactions.197,198,211,235–238 Interestingly, it has been shown that
methylated urea derivatives (MUDs), such as methylurea (MU), 1,3-dimethylurea (DMU) and
tetramethylurea (TMU), are stronger protein denaturants than urea,239,240 despite the suggestion
that urea methylation can significantly decrease its binding interactions with the protein
backbone.241,242 This, then, leads to an important question: how is this stronger protein denaturing
efficiency of MUDs achieved?
Many previous studies have attempted to address this question using both experimental
and simulation methods,241–258 which, combined, have provided insights into the mechanism of
action of MUDs. For example, studies242–247,251–258 focused on the molecular property of various
water-MUD binary solutions indicate that MUDs can form aggregates at relatively low
concentrations251–254 and that unlike urea, which has negligible effects on water structure and
dynamics,255–257 a MUD, such as TMU, can significantly slow down the orientation relaxation
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dynamics of water and also strengthens its H-bonds and hence its tetrahedral structure.242,244–247,251
In addition, molecular dynamics (MD) simulations,242,248,249 reveal that in comparison to urea,
TMU can more strongly enhance the hydration of protein amide carbonyl 242 and that unlike urea,
which is capable of forming H-bonds with protein amide groups,248 TMU does not engage in such
H-bonding interactions.242 While direct experimental assessments of the molecular interactions
between a MUD and different protein moieties are scarce,241,250 a key contribution in this regard is
the study of Cremer and coworkers,241 which showed that MU, DMU and TMU, except urea, all
increase the lower critical solution temperature (LCST) of poly(N-isopropylacrylamide)
(PNIPAM), with TMU being the most effective. Since the LCST transition corresponds to
formation of hydrophobically collapsed and aggregated structures of PNIPAM, these results
suggest that urea methylation can significantly increase its ability to disrupt hydrophobic
interactions in proteins. Based on the finding that MU, DMU and TMU all gave rise to a new
spectral feature (at ca. 1644 cm-1) in the amide I band region of PNIPAM, Cremer and coworkers
further postulated that these MUDs can cause changes in the H-bonding interactions between the
polymer and adjacent water molecules. In addition, a recent simulation study249 found that while
both urea and DMU tend to accumulate in the first solvation shell of PNIPAM, unlike urea, DMU
can form clusters in the bulk solvent phase. Therefore, the authors argued that the ability of DMU
to stabilize the unfolded or soluble state of PNIPAM is due to an entropic or indirect effect.
Taken together, these studies suggest that the protein denaturation mechanism of urea is different
from its MUDs, especially TMU, and that for a specific MUD many interactions may contribute
to its denaturing activity.242
While previous studies have provided significant insight into the stronger protein
denaturing efficiency of MUDs, one key question that remains unanswered is how methylation
affects the denaturant’s ability to interact with different protein units. Without this critical infor-
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-mation, it is impossible to arrive at a molecular level understanding of the mode of denaturation
action of these urea derivatives. Herein, we aim to provide such microscopic details through
experiments and MD simulations. In practice, however, it is challenging, if not impossible, to
determine and dissect various intermolecular interactions that contribute to the denaturation
activity of a co-solvent based on results from a single experiment. Therefore, we resort to a
divide-and-conquer approach wherein we use a site-specific vibrational probe and twodimensional infrared (2D IR) spectroscopy to ‘sense’ the interactions between an individual
protein moiety and the denaturant molecules of interest or the denaturant-induced changes in the
local hydration status of this moiety by measuring the spectral diffusion dynamics of the chosen
vibrational probe. Specifically, we focus on two key protein molecular elements: aromatic and
polar sidechains. For the former, we use the C≡N stretching vibration of two well-established
unnatural aromatic amino acids,54,99,162,188 p-cyano-phenylalanine (hereafter referred to as FCN)
and 5-cyano-tryptophan (hereafter referred to as WCN) as the site-specific IR probe (Figure 6.1),
whereas for the latter, we employ the ester C=O stretching vibration of glutamic acid 5-methyl
ester (hereafter referred to as EM), which can be regarded as a derivative of Glu, Gln, Asp or Asn,
as the IR reporter (Figure 6.1). The premise of our method is based on the following
considerations: (1) when fully hydrated in pure water the spectral diffusion dynamics of these
vibrational probes will be dominated by an exponential term (or water dynamics component) with
a time constant of ~1-2 ps,257 manifesting the H-bonding dynamics of water, (2) if a denaturant
only affects the H-bonding dynamics of water, only the time constant of this exponential term
will change accordingly, and (3) if preferential interactions occur, besides the water dynamics
component, the spectral diffusion dynamics will contain additional contributions, which are
expected to be much slower due to local crowding effect. For instance, if preferential interactions
result in complete removal of mobile water molecules from the unnatural amino acid sidechain in
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question, the corresponding spectral diffusion dynamics will lack any decay on the few ps
timescale.

6.2 Experimental Section
6.2.1 Materials
Urea and TMU were purchased from Acros Organics at 99% purity and were used as received.
MU and DMU were purchased from Alfa Aesar and Tokyo Chemical Industry Co. Ltd.
respectively at 98% purity and were also used as received. Fmoc-5-cyano-L-tryptophan-OH was
purchased from RSP amino acids (Shirley, MA) and Fmoc-p-cyano-phenylalanine-OH was
purchased from Bachem Americas (Torrance, CA). All the other amino acids were purchased
from Advanced ChemTech (Louisville, KY).

6.2.2 Peptide Samples
Peptides were synthesized on a Liberty Blue automated microwave peptide synthesizer (CEM,
Matthews, NC) using standard Fmoc-based solid phase peptide synthesis method and rink resin.
Peptide cleavage from the resin was achieved by stirring the resin in a cleavage cocktail
consisting of 9.50 mL trifluoroacetic acid, 0.25 mL of water and 0.25 mL of triisopropylsilane.
Cleaved peptides were then purified by reverse-phase high performance liquid chromatography
(HPLC) and verified by matrix assisted laser desorption ionization mass spectroscopy (MALDIMS). Multiple rounds of lyophilization of peptide samples in 0.1 M DCl solution were carried out
in order to remove the residual trifluoroacetic acid (TFA) from peptide synthesis and to facilitate
H-D exchange. Peptide samples were prepared by directly dissolving lyophilized peptide solid in
aqueous solutions of MUDs with concentrations ranging from 1.0 M to 6.0 M, and the final
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peptide concentration was 20 - 40 mM for IR measurements and 10.0 μM for fluorescence
measurements.

6.2.3 UV-Vis Measurements
UV-Vis absorption spectra were collected on a Jasco V-650 UV-Vis spectrophotometer at room
temperature using a 1 cm quartz cuvette.

6.2.4 Fourier Transform Infrared (FTIR) Measurements
FTIR spectra were collected on a Nicolet 6700 FTIR spectrometer with a spectral resolution of 1
cm-1. Peptide solution was placed in a home-made sample holder composed of two CaF2 windows
separated by a 25 μm Teflon spacer. For each measurement, 128 scans were taken and averaged.

6.2.5 Two-Dimensional Infrared (2D IR) Measurements
2D IR measurements were carried out on a home-built setup, the detail of which has been
described previously.220 Briefly, three ultrafast femtosecond IR pulses (k1, k2, and k3, respectively)
were focused onto the sample of interest in a box-CARS geometry. The photon echo signal thus
generated was heterodyned with a local oscillator pulse, dispersed by a monochromator and
detected with a 64-pixel liquid-nitrogen-cooled IR array detector (Infrared Associates, FL). The
time delay (τ) between k1 and k2 was scanned from −3.5 to 4.0 ps with a step size of 2 fs. For a
specific waiting time (T) between k1/k2 and k3, the absorptive 2D spectrum was obtained by
adding up the corresponding rephrasing and nonrephasing spectra.

6.2.6 Circular Dichroism (CD) Measurements
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CD data were measured on an Aviv 62 DS spectrometer (Aviv Biomedical, Lakewood, NJ,
USA). TMU absorbs strongly in the wavelength range of 190-240 nm, which prevents CD
measurement using the standard, 1 mm CD sample holder, Therefore, the CD spectrum of the 1HWCN peptide (1.0 mM) in 3.0 M TMU solution was obtained using a thin solution layer
sandwiched directly between two CaF2 windows.

6.2.7 Fluorescence Measurements
Fluorescence spectra were obtained at room temperature with a Jobin Yvon Horiba Fluorolog
3.10 spectrofluorometer, using a 1 cm quartz cuvette, excitation wavelength was 280 nm, an
excitation slit width of 2 nm, an emission slit width of 2 nm, and an integration time of 1.0 nm/s.
For every co-solvent condition, a background fluorescence spectrum was collected using the
corresponding co-solvent alone and was subtracted from the emission spectrum of the sample.
For easy comparison, the fluorescence spectra of a peptide collected under different co-solvent
conditions were presented in a relative format (i.e., relative to that obtained in water).
Specifically, for a given co-solvent condition the presented spectrum (F) was calculated using the
fluorescence spectra measured in co-solvent (IS) and water (IW) via the following equation:

F

=

𝐼S
𝐼W

×

𝐴W
𝐴S

×

𝑛S2

(6.1)

𝑛W2

Here Is, As and ns are the emission spectra, absorbance value at 280 nm and the refractive index of
the peptide (GWCNG/GFCNG/2WCNP) solution in any solvent condition besides water. All the
fluorescence data is presented in a normalized format where Is, As and ns have been normalized
respectively against Iw, Aw and nw, the maximum fluorescence emission of the peptide, absorbance
value at 280 nm and the refractive index of the peptide (GWCNG/GFCNG/2WCNP) solution in
water according to the equation shown above. The normalization for the absorbance values and
refractive indices have been performed in order to take into account the slight differences in
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optical densities/refractive indices of the peptide solutions prepared. The refractive index values
in each case were measured using a Bri/RI-check refractometer (Reichert Technologies).

6.2.8 Molecular Dynamics (MD) Simulations
All MD simulations were performed using AMBER 12 package.259 Peptides were modeled with
AMBER FF12SB all-atom force field260 and the SPC/E potential261 was used for water. The force
field for urea was developed by Duffy et al.,262 and that for tetramethyl urea (TMU) was
developed by Wei et al.242 The constituents of the simulation systems are summarized in Table
S1. Each system was minimized with a total of 2000 steps: 1000 of steepest descent, followed by
1000 steps of conjugated gradient minimization. After that, the system was heated to 360 K for 20
ps and equilibrated for 300 ps at 360 K, followed by a 20 ps of cooling from 360 to 300 K. The
production run of 1000 ns was used for the data analysis, with the data being collected every 1 ps.
The particle-mesh Ewald method263 with a real space cutoff of 10 Å was used to treat long-range
electrostatic interactions. The SHAKE algorithm264 with a relative geometric tolerance of 10-8
was used to constrain all bonds including hydrogen and all dynamics calculations utilized a 2 fs
time step.

6.2.9 Hydrogen-Bond Definition
The hydrogen-bond, analyzed in the simulations, is defined as a geometry with a cutoff length of
3.2 Å between the two heavy atoms of the hydrogen-bond donor and acceptor and an X-H· · ·Y
(X and Y stand for heavy atoms) angle cutoff of 135°. A hydrogen-bond is counted when the
distance between X and Y is less than 3.2 Å and the X-H· · ·Y angle is greater than 135°.

6.2.10 Assessment of Neighboring Solvent Molecules
If the distance between any atom of a solvent molecules (H2O, urea or TMU) and the mass center
of the sidechain of an amino acid (i.e., Phe, Trp or Qln) is less than or equal to 5Å, the
131

corresponding solvent molecule is counted as the neighboring solvent molecule of the amino
acid’s sidechain in question.

6.3 Results and Discussions

6.3.1 Aromatic Sidechain
We first studied two short peptides: GFCNG and GWCNG. We chose such simple peptide
sequences to ensure that in each case the aromatic sidechain of interest is fully exposed to
solvent, thus minimizing complications arising from any potential, denaturant-induced
conformational changes. As shown (Table 6.1 and Figures 6.2 and 6.3), both urea and its
derivatives (at 6.0 M) induce a noticeable change in the C≡N stretching vibrational band of
GFCNG and GWCNG comparing to that obtained in H2O. Specifically, these co-solvents cause this
band to broaden and shift to lower frequencies, with the effect of TMU being the largest. For
example, the bandwidth (FWHM) of the C≡N stretching vibration of GFCNG is increased from
10.0 cm-1 in H2O to 11.9 cm-1 in 6.0 M TMU. Since the C≡N stretching vibration is known to be
sensitive to local H-bonding and electrostatic interactions,99,221 these linear IR results hence
provide the first line of evidence that these co-solvent molecules can alter the local hydration
environment of aromatic sidechains. In particular, the red-shift of the C≡N stretching frequency
indicates a decrease in the H-bonding interactions between the nitrile group and water,221 whereas
the spectral broadening signals an increase in the local environmental inhomogeneity of the
respective aromatic residue. While these results are informative, they alone are not sufficient to
determine the underlying cause of the observed spectral changes. This is because such changes
could arise from an indirect mechanism, wherein the H-bonding structure and dynamics of H2O
are affected by the added co-solvent molecules, or a direct mechanism, wherein the denaturant
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molecules preferentially interact with the aromatic sidechain in question. Therefore, to distinguish
between these two possibilities, we carried out 2D IR measurements on those peptides in the
presence and absence of urea and its derivatives.
As indicated (Figures 6.4 and 6.5), representative 2D IR spectra obtained on these
peptides and under different co-solvent conditions clearly show that TMU has the largest effect
on the contour and time evolution of the 2D IR spectrum of the C≡N stretching vibration.
Following common practice, we then quantified the respective spectral diffusion dynamics of this
vibration in each case using the center line slope (CLS) method. A center line at a specific
waiting time (T) is defined as the line that connects the maxima of a series of cuts through the
corresponding 2D IR spectrum along a direction parallel to the ω τ frequency axis. It has been
shown that the dependence of CLS-1 on T directly reports on the spectral diffusion dynamics of
the vibrational probe in question. Since the spectral diffusion dynamics contributing to the
inhomogeneous linewidth of a vibrational transition report on processes that lead to fluctuations
in the vibrational frequency, they therefore contain information about the underlying probesolvent interactions. As shown (Figure 6.6), all of the CLS curves can be fit by a function
consisting of an exponential term and an offset with those parameters listed in Table 6.1. Based
on previous studies,78,87,216,217 the exponential term, the decay time constant of which is in the
range of 0.5–1.5 ps, can be attributed to water dynamics, whereas the offset arises from processes
that are too slow to be resolved (due to the vibrational lifetime of the probe). For both peptides, it
is clear that urea has little, if any, influence on the value of the offset, which is consistent with
previous studies.78,216 On the other hand, in the presence of MUDs the offset value is increased,
with TMU (MU) being the most (least) effective. Taken together, these results indicate that these
urea derivatives exhibit a certain degree of preference for aromatic sidechains, leading to
preferential accumulation of the respective co-solvent molecules around the IR probes
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used and acting like local crowding agents. Considering the fact that aromatic sidechains are
hydrophobic in nature and that urea methylation increases its hydrophobicity,265 this finding is
perhaps not too surprising. What is more interesting, however, is that in the presence of 6.0 M
TMU the spectral diffusion dynamics of the C≡N stretching vibration of GWCNG, but not GFCNG,
essentially contain only an unresolved kinetic component(s). This indicates that compared to FCN,
WCN has much fewer, if any, mobile water molecules in its first solvation shell in the presence of
TMU. In other words, TMU molecules are more efficient in affecting the local hydration status of
the WCN sidechain than the FCN sidechain, leading to a more pronounced local crowding effect233
toward a larger aromatic sidechain. Finally, the spectral diffusion data show that these MUDs also
affect the H-bonding dynamics of water. However, this indirect effect, which results in a decrease
in the decay time constant of the exponential term in the spectral diffusion dynamics (Table 6.1),
is in support of the above interpretation of the co-solvent induced increase in the offset value.
To further verify the notion that TMU can preferentially interact with aromatic
sidechains, we take advantage of the fact that the fluorescence quantum yields (QYs) of both F CN
and WCN are sensitive to hydration.54,188 Specifically, for FCN, dehydration leads to a significant
decrease in its fluorescence QY,54 whereas for WCN, dehydration results in a significant increase
in its fluorescence QY.188 As shown (Figure 6.7a), the fluorescence intensity of GFCNG in 6.0 M
urea solution shows a modest decrease comparing to that in pure H2O. However, in 6.0 M TMU
solution the fluorescence intensity of GFCNG is significantly decreased. Similarly, TMU induces a
more significant enhancement in the fluorescence intensity of GWCNG (Figure 6.7b). For both
cases, the change in the fluorescence QY indicates that the respective fluorophore becomes
significantly dehydrated in the presence of 6.0 M TMU, due to preferential accumulation of TMU
molecules in its vicinity. Therefore, these fluorescence results are entirely consistent with the
conclusion reached above. In addition, these findings explain why TMU can unfold a protein, but
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does not result in a significant change in the fluorescence of its Trp residues.250 This is because
TMU-induced unfolding does not lead to rehydration of an indole ring that is buried in the
hydrophobic interior of a folded protein.
Finally, we studied a longer peptide, aiming to show that the aforementioned finding is
not due to the short and simple sequence of the tri-peptides used. This longer peptide, which has
the following sequence: SWCNTAENGKATWCNK (hereafter referred to as 2WCNP), is largely
unstructured in H2O.188 As shown (Figure 6.8), the CN stretching bands of 2WCNP in H2O, 6.0 M
urea and 6.0 M TMU are similar to those of GWCNG obtained under the same solvent conditions,
although in the case of H2O the band is red-shifted and broadened comparing to that of GWCNG.
This is not surprising as the 2WCNP peptide can sample a wider conformational distribution. As
indicated (Figure 6.9), the 2D IR spectra measured in H2O and at longer waiting times (e.g., 4.0
ps) consist of two resolvable peaks, at 2217 and 2225 cm-1, respectively. This result is consistent
with a previous circular dichroism (CD) study,266 which demonstrated that in H2O this peptide
can sample at least two distinguishable conformational ensembles, with the minorly populated
one having the two WCN residues in close contact. Since this type of interactions can cause the
two WCN sidechains to be partially dehydrated, which in turn leads the C≡N stretching frequency
shift to a lower wavenumber,99 we therefore assign the 2217 cm-1 (and weak) peak to the minor
population. As shown (Figure 6.10), the CLS curve of the major 2225 cm-1 peak exhibits a
significant offset. This is expected as for a long peptide the vibrational probe would experience
not only local, fast hydration dynamics but also conformational dynamics that occur on a
timescale that is outside of the experimental time window, as observed in other studies.87,216,224,267
Same as that observed with GWCNG, the CLS curve of the C≡N stretching vibration of
2WCNP in 6.0 M TMU lacks the picosecond decay component arising from water dynamics
(Figure 6.10), indicating that the WCN sidechains in 2WCNP are preferentially solvated by TMU
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molecules. Thus, this result provides further validation of the notion that TMU exhibits a strong
affinity toward protein aromatic moieties. As expected, the effect of TMU on the W CN
fluorescence intensity of 2WCNP corroborates this conclusion (Figure 6.11). What is more
interesting, perhaps, is that the effect of urea on the spectral diffusion dynamics of 2WCNP differs
from that of GWCNG (Figure 6.6). In particular, addition of urea leads to a significant decrease in
the offset value of the CLS curve of 2WCNP, indicating that urea reduces the contribution of
peptide conformational dynamics toward the inhomogeneous linewidth of the corresponding C≡N
stretching vibration. In other words, this result suggests that in 6.0 M urea the conformational
heterogeneity of 2WCNP is significantly decreased, most likely due to the preferential interactions
between peptide backbone units and urea molecules, as suggested in many previous studies.206,242
In support of this notion, the WCN fluorescence of 2WCNP is not significantly affected by urea
(Figure 6.11).
The results presented above provide compelling evidence that the MUDs studied herein,
especially TMU, interact favorably with aromatic sidechains and hence hydrophobic moieties. In
contrast, urea exhibits little, if any, effect in this regard. These findings are in agreement with the
study of Cremer and coworkers and offer a direct experimental validation of a previously
proposed notion that MUDs denature proteins via a hydrophobic mechanism.241

6.3.2 Polar Sidechain
Next, we intend to examine the effect of urea and TMU on the local hydration environment of
polar sidechains. To do so, we studied another short peptide, YEMK. Pazos et al. have shown that
the ester C=O stretching vibrational frequency of EM is sensitive to local electrostatic field and
hence can be used to probe local hydration or H-bonding status.69 For example, when the ester
C=O group of EM is not engaged in any H-bonding interactions, its vibrational frequency is larger
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than ~1735 cm-1. On the other hand, formation of single H-bond and double H-bonds between the
C=O group and solvent molecules shifts the frequency to ~1720 - 1725 cm-1 and ~1700 - 1710
cm-1, respectively.
As shown (Figure 6.12), the ester C=O stretching band of YEMK obtained in D2O is
broad and peaks around 1720 cm-1, which agrees with a previous study.69 This indicates, as
expected, that the EM sidechain in this short peptide is mostly exposed to solvent, allowing its
ester C=O group to engage different H-bonding interactions with D2O molecules. Indeed, the
corresponding 2D IR spectrum at T = 0 (Figure 6.13), which offers a higher spectral resolution,
consists of three resolvable peaks, at about 1710, 1720, and 1736 cm-1, corresponding to ester
C=O groups that form 2, 1, and 0 H-bonds with D2O, respectively. In addition, cross peaks
between the 1710 and 1720 cm-1 components become visible at longer waiting times (e.g., 1 ps),
indicating that chemical changes between differently H-bonded species occur on this timescale,
consistent with a previous study.268 As shown (Figures 6.12 and 6.13), addition of 6.0 M urea
does not lead to any significant change in the characteristics of the linear and 2D IR spectra of the
ester C=O stretching vibration. This result indicates that urea does not affect the local solvation
environment of the EM sidechain in this short peptide in any significant manner. In other words,
this suggests that urea does not preferentially bind to and hence accumulate around protein polar
sidechains, and that, as demonstrated in many computational and experimental studies,243,255–258
urea only weakly affects the structure and dynamics of water. In comparison, however, TMU has
a more pronounced effect on the C=O stretching vibration of YEMK. As shown (Figure 6.12), in
the presence of 6.0 M TMU the C=O stretching band becomes narrower and is shifted to higher
wavenumbers. Consistently, the corresponding 2D IR data show that the spectrum is dominated
by a peak centered at ~1723 cm-1 (Figure 6.13), arising from ester C=O groups that are interacting
with D2O through a single H-bond. This is an important finding as it provides a direct
experimental evidence that TMU can reduce the number of H-bonds formed between the C=O
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group of EM and water, due to either a direct or indirect mechanism or both. While we cannot
differentiate these possibilities based on the experimental results alone and therefore resort to MD
simulations (see below), this finding suggests that TMU can significantly affect the H-bonding
interactions between water and a protein polar group, i.e., the number of H-bonds thus formed
and their strength. As protein backbone amides are analogous to the ester carbonyls, this
depletion of solvent and co-solvent molecules interacting with the ester carbonyls suggests that
TMU can facilitate protein intramolecular H-bond formation. To verify this possibility, we
studied the effect of TMU on the conformation of an alanine-based peptide (sequence:
GKAAAAKAAWCNAWCNKAAAAKG) using circular dichroism (CD) spectroscopy. Our
working hypothesis is that TMU will increase the helicity of this peptide (referred to as H1-WCN).
This is drawn based on the consideration that the favorable interactions between TMU and
hydrophobic sidechains (i.e., Ala and TrpCN) will be preserved in the helical state of H1-WCN, due
to its simple and alanine-rich sequence. The main reason for choosing this WCN-containing
peptide is that TMU absorbs strongly in the far-UV spectral region (Figure 6.14), which makes it
impossible to measure the regular CD spectrum of any peptide below 230 nm when high
concentration of TMU is present. A previous study230 has shown that upon formation of an αhelix (e.g., in 20% 2,2,2-trifluoroethanol), H1-WCN gives rise to a distinct, negative CD band at
~245 nm due to exciton coupling between the two WCN sidechains. Therefore, this exciton CD
band provides a viable way to assess the effect of TMU on the conformation of H1-WCN. As
shown (Figure 6.15), 3.0 M TMU indeed induces the development of a negative CD band at ~245
nm, which is absent in the CD spectrum of H1-WCN in water and hence indicative of an increased
helical content. Thus, this CD measurement confirms the notion that TMU can promote
intramolecular H-bonding interactions and, for peptides with simple sequence,267 it can induce αhelix formation.
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6.3.3 MD Simulations
To provide further molecular insights into the experimental results, we carried out MD
simulations on three model peptides, GFG, GWG and YQK, under different co-solvent conditions
(Table 6.2). These peptides were chosen because they are similar to those used in the
experiments, i.e., GFCNG, GWCNG and YEMK. For both GFG, and GWG, the simulations were
run in the presence of either 6 M urea or 6 M TMU. As indicated (Figure 6.16), in comparison to
urea, TMU is more prone to accumulate around Trp (W), as judged by the number of co-solvent
molecules within 5 Å from its sidechain. Specifically, the average number of TMU molecules is
5.7, compared to 4.4 for urea. Although the difference between urea and TMU, when compared in
this manner, seems to be small, the real difference in fact is quite pronounced because the
molecular size of TMU is more than 2 times larger than that of urea. In other words, at the same
concentration, TMU is more effective in solvating the Trp sidechain than urea (Figure 6.17). The
same conclusion can also be drawn from analysis of the distribution of water molecules around
the Trp sidechain. As shown (Figure 6.18), in the presence of 6 M TMU the average number of
water molecules within 5 Å from the indole ring are 2.2, compared to 6.7 observed for 6 M urea
solution. Therefore, these results are consistent with the experimental observation that TMU can
cause the WCN sidechain to be dehydrated.
As shown (Figure 6.19), the simulation results on GFG indicate that the average number
of TMU molecules within 5 Å from the Phe (F) sidechain is 5.7, similar to that observed for the
indole moiety in GWG. However, compared to Trp in GWG (Figure 6) there are more water
molecules (6.4 vs. 2.2) that are accessible to the sidechain of Phe in GFG (Figure 6.20). This
indicates that 6 M TMU causes a lesser degree of dehydration for Phe than Trp, consistent with
our experimental results. Similar to that observed for GWG, our simulations on GFG also indicate
that TMU is more effective in solvating the Phe sidechain than urea (Figures 6.21 and 6.22), in
agreement with the experimental results.
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Four solvent conditions were used in the YQK simulations, including pure water, 6 M
urea, 3 M TMU, and 6 M TMU. To help understand the experimental results, we analyzed the
respective MD trajectories with a focus on how urea and TMU affect the H-bonding interactions
between water and the Oε1 atom of the Gln (Q) sidechain. As shown (Table 6.3), in pure water,
43.4% and 48.2% of the Oε1 atoms form 1 and 2 H-bonds with water, respectively, which
qualitatively agrees with the experimental observation for YEMK (Figure 6.13). Also consistent
with the 2D IR measurements, the simulation results reveal that urea (at 6 M) does not
significantly change this H-bond distribution pattern, whereas TMU (at 6 M) decreases the
probability of the 2 H-bond species to 27.8% (Table 6.3). This can be further explained by the
average number of H-bond donors (NHD) around the Oε1 atom of Gln. As indicated (Table 6.4), in
6 M urea the value of NHD is similar to that observed in pure water (i.e., 6.5 versus 6.3),
suggesting that urea molecules are able to weave into the water network and provide similar Hbond donors. However, in 6 M TMU the value of NHD is decreased to 3.7 as TMU does not
provide any H-bond donor sites. For comparison with the simulation result on GWG, we also
calculated the number of TMU molecules within 5 Å from the Gln sidechain in YQK. As shown
(Figure 6.23), in contrast to that observed for Trp and Phe, TMU shows a relatively low tendency
to accumulate around the polar sidechain of Gln, with an average number of 3.6.

6.4 Conclusions
In summary, we take advantage of three recently developed unnatural amino acid-based IR
probes (i.e., FCN, WCN and EM) and use them to reveal, via 2D IR spectroscopy, whether urea and
three of its methylated derivatives (i.e., MU, DMU and TMU) show any preferential interactions
with protein aromatic and polar sidechains. We find that - (1) these urea derivatives, but not urea
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itself, show preferential accumulation around aromatic sidechains with a degree that increases
with the number of methyl groups; (2) in 6.0 M TMU solution the W CN sidechain of GWCNG
encounters fewer, if any, mobile water molecules than the FCN sidechain of GFCNG, indicating
that TMU causes the indole ring to be more dehydrated than the benzene ring; (3) neither urea nor
TMU accumulates preferentially around the EM sidechain in YEMK, and (4) TMU, not urea, can
effectively reduce the H-bond donor number of the solvent. These findings are further
corroborated by MD simulations of three peptides, GFG, GWG and YQK, which show that - (1)
TMU molecules indeed accumulate around the Trp sidechain in GWG and Phe sidechain in GFG;
(2) in 6 M TMU solution the sidechain of Phe is more accessible by water molecules comparing
to that of Trp; and (3) in the presence of 6 M TMU the average H-bond donor number of the
solvent near the Oε1 atom of the Gln sidechain in YQK is 3.7, significantly smaller than that
observed in pure water (6.3). Thus, taken together, these experimental and simulation results
suggest that increasing the methylation level of urea increases the affinity of the corresponding
methylated derivative for protein hydrophobic sidechains. TMU is most effective in disrupting
hydrophobic interactions involving aromatic amino acids, in this regard and it can promote
intramolecular H-bond formation in polypeptides due to its ability to lower the H-bond donor
number of the solvent.
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Peptide/Solution

ω0, cm-1

FWHM, cm-1

A

τ, ps

B

GFCNG/H2O

2236.3

10.0

0.30 ± 0.04

1.3 ± 0.8

0 ± 0.05

GFCNG/Urea

2234.4

10.4

0.32 ± 0.02

1.5 ± 0.3

0.05 ± 0.02

GFCNG/MU

2234.9

11.1

0.36 ± 0.02

1.1 ± 0.2

0.20 ± 0.02

GFCNG/DMU

2234.5

11.0

0.34 ± 0.06

0.6 ± 0.2

0.31 ± 0.02

GFCNG/TMU

2232.6

11.9

0.44 ± 0.02

0.53 ± 0.05

0.43 ± 0.01

GWCNG/H2O

2225.7

14.8

0.33 ± 0.04

0.9 ± 0.5

0.14 ± 0.05

GWCNG/Urea

2224.4

15.1

0.38 ± 0.06

1.4 ± 0.7

0.14 ± 0.06

GWCNG/MU

2224.5

15.5

0.31 ± 0.02

0.9 ± 0.1

0.29 ± 0.01

GWCNG/DMU

2224.5

15.9

0.34 ± 0.03

0.9 ± 0.2

0.34 ± 0.01

GWCNG/TMU

2223.0

16.0

N/A

N/A

0.53 ± 0.02

Table 6.1 Center frequency (ω0  0.2 cm-1), width (FWHM  0.2 cm-1), and parameters
characterizing the spectral diffusion dynamics of the C≡N stretching bands of GFCNG and
GWCNG in different co-solvent (6.0 M) solutions. Specifically, the spectral diffusion dynamics
are described by the following equation: CLS 1 (T )  A  exp(  T  )  B .
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Peptide
GWG
GFG

YQK

Solution
Urea 6M
TMU 6M
Urea 6M
TMU 6M
H2O
Urea 6M
TMU 6M
TMU 3M

# H2O
1281
653
1281
653
1557
1370
742
1952

Table 6.2 Compositions of the simulations.
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# Cosolvent
187
266
187
266
N/A
187
266
187

Solution
H2O
6 M Urea
6 M TMU
3 M TMU

1-HB
43.4%
41.9%
57.0%
49.5%

Table 6.3 H-bond formation probability on Oε1 of glutamine.
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2-HB
48.2%
49.4%
27.8%
41.1%

Solution
H2O
6 M Urea
6 M TMU
3 M TMU

r ca , Å
3.5
3.5
3.5
3.5

NHD
6.3
6.5 (4.1)b
3.7
5.0

Table 6.4 Average number (NHD) of H-bond donors around Oε1 of glutamine; a) integration
cutoff, b) the number in parenthesis is the average number of H-bond donors provided by water
molecules in the solution.
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WCN

FCN

Figure 6.1 Structures of the unnatural amino acids used.
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EM

Figure 6.2 C≡N stretching bands of GFCNG obtained in H2O, 6.0 M urea, 6.0 M MU, 6.0 M
DMU and 6.0 M TMU, as indicated.
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Figure 6.3 C≡N stretching bands of GWCNG obtained in H2O, 6.0 M urea, 6.0 M MU, 6.0 M
DMU and 6.0 M TMU, as indicated.
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Figure 6.4 Representative 2D IR spectra of GFCNG obtained in H2O, 6.0 M urea, 6.0 M MU, 6.0
M DMU and 6.0 M TMU, as indicated.
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Figure 6.5 Representative 2DIR spectra of GWCNG obtained in H2O, 6.0 M urea, 6.0 M MU, 6.0
M DMU and 6.0 M TMU, as indicated.
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Figure 6.6 Spectral diffusion dynamics of the C≡N stretching vibration of GFCNG (a) and
GWCNG (b) obtained in the absence and presence of a urea based co-solvent (6.0 M), as indicated.
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Figure 6.7 Normalized fluorescence spectra of GFCNG (a) and GWCNG (b) obtained in the
absence and presence of a urea based co-solvent (6.0 M), as indicated. Shown in the inset of (b) is
the dependence of the normalized fluorescence intensity of GWCNG on the molar concentration of
TMU.
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Figure 6.8 WCN fluorescence spectra of 2WCNP obtained in H2O, 6.0 M urea and 6.0 M TMU, as
indicated.
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Figure 6.9 Representative 2D IR spectra of 2WCNP obtained under different solvent conditions
and waiting times, as indicated.
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Figure 6.10 Spectral diffusion dynamics of the C≡N stretching vibration of 2W CNP obtained
under different solvent conditions, as indicated.
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Figure 6.11 WCN fluorescence spectra of 2WCNP obtained in H2O, 6.0 M urea and 6.0 M TMU, as
indicated.
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Figure 6.12 The ester C=O stretching bands of YEMK obtained under different solvent
conditions, as indicated. The respective co-solvent concentration was 6.0 M.
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Figure 6.13 Representative 2D IR spectra of YEMK obtained under different solvent conditions
and waiting times, as indicated. The red dash frames highlight the intensity difference in the 2D
IR signals of the doubly H-bonded ester C=O group obtained under different solvent conditions.
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Figure 6.14 UV-Vis spectrum of 10.0 μM TMU solution in H2O, measured with a sample holder
of 1 cm pathlength.
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Figure 6.15 CD spectrum of 1H-WCN in water and 3.0 M TMU aqueous solution, as indicated.
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Figure 6.16 Number of co-solvent molecules within 5 Å around the sidechain of Trp in GWG
peptide.
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Figure 6.17 (a) A snapshot of distribution of urea molecules around the sidechain of Trp in
GWG, obtained from the MD simulation of this peptide in 6 M urea solution. This configuration
was randomly selected from representative snapshots where 4 urea molecules are within 5 Å from
the Trp sidechain. (b) A snapshot of distribution of TMU molecules around the sidechain of Trp
in GWG, obtained from the MD simulation of this peptide in 6 M TMU solution. This
configuration was randomly selected from representative snapshots where 6 TMU molecules are
within 5 Å from the Trp sidechain.
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Figure 6.18 Number of water molecules within 5 Å around the sidechain of Trp of GWG in 6 M
urea and TMU solutions, as indicated.
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Figure 6.19 Number of TMU molecules within 5 Å around the sidechain of Phe (F) or Trp (W)
observed in the MD simulations of GFG and GWG in 6 M TMU solution, respectively.

164

Figure 6.20 Number of water molecules within 5 Å around the sidechain of Phe (F) or Trp (W)
observed in the MD simulations of GFG and GWG in 6 M TMU solution, respectively.
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Figure 6.21 Number of co-solvent molecules within 5 Å around the sidechain of Phe (F)
observed in the MD simulations of GFG in 6 M urea (average = 4.5) and TMU (average = 5.7)
solutions.
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Figure 6.22 Number of water molecules within 5 Å around the sidechain of Phe (F) observed in
the MD simulations of GFG in 6 M urea (average = 8.9) and TMU (average = 6.4) solutions.
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Figure 6.23 Number of TMU within 5 Å around the sidechain of Trp (W) or Gln (Q) obtained
from the MD simulations of GWG and YQK in 6 M TMU solution.
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7 Solvent Dependence of Cyanoindole Fluorescence Lifetime
Reprinted from Chemical Physics Letters, (2017) 685, 133-138, Mary Rose Hilaire, Debopreeti
Mukherjee and Feng Gai, “Solvent Dependence of Cyanoindole Fluorescence Lifetime”.
Copyright (2016), with permission from Elsevier.

7.1 Introduction
As a naturally occurring amino acid, tryptophan (Trp) is arguably the most widely used
fluorescence probe in the investigation of protein structure, function, and dynamics. This is
mainly due to the fact that, in comparison to other native fluorescent amino acids, Trp has a
relatively large extinction coefficient and fluorescence quantum yield (QY), and that its
fluorescent properties depend on environment.46,160 Despite its wide utility, however, in practice
application of Trp fluorescence suffers from several limitations or drawbacks. For example, (1) it
often exhibits complex decay kinetics,133 complicating data interpretation; (2) its absorption
spectrum overlaps with those of other aromatic amino acids, making it difficult to be selectively
excited;133 and (3) its fluorescence spectrum and QY typically do not change in a large extent in
response to an environmental change, for instance, from a hydrated to a dehydrated one, resulting
in a relatively low signal contrast.266 Therefore, previous efforts have been dedicated to the
development of Trp-based amino acid fluorophores that could overcome some or all of those
shortcomings.57,60,269–271 In particular, several recent studies have indicated that certain
cyanotryptophans (CN-Trp), such as 4CN-Trp,57 5CN-Trp,266 6CN-Trp,60 and 7CN-Trp,60 could
afford improved photophysical properties, compared to those of Trp, in the context of making it a
better fluorophore in biological studies. However, except in the case of 5CN-Trp, a systematic
examination of how the florescence decay kinetics of CN-Trp derivatives varies with
environment (i.e., solvent) has not been done. To this end and as a first step towards this
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direction, we studied the fluorescence decay kinetics of six nitrile-derivatized indole variants
(referred to as n-CNI, where n = 2 – 7 denotes the carbon position on the indole ring where the
CN substitution is located, as shown in Fig. 1 inset) in a variety of solvents.
We chose these CNI derivatives for the following reasons. (1) Unlike their amino acid
counterparts, they are commercially available. (2) Indole is an intercellular and interspecies
bacterial signaling molecule that is involved in a variety of bacterial processes, including
antibiotic resistance, biofilm formation, quorum sensing, and acid tolerance, among others.272–274
Therefore, by investigating the photophysical properties of these cyanoindoles, we hope to
identify an indole derivative that could be used to investigate these bacterial processes via
fluorescence spectroscopy and/or microscopy, provided that the corresponding CN substitution
does not significantly alter the biological activity in question. (3) One of these CNI derivatives
(i.e., 5-CNI) has become a popular model in recent theoretical and computational interrogations
of how a simple substitution affects the electronic structures and energetics of the indole
ring.158,275–277 In this regard, we believe that the photophysical results obtained from our study will
not only provide new experimental results for comparison but can also be used to benchmark
various quantum mechanical calculation methods. This is because, as shown below, the
absorption and emission spectra, fluorescence QY, and fluorescence lifetime of a cyanoindole in
a given solvent (e.g., H2O) exhibit a sensitive dependence on the position of the nitrile group.

7.2 Experimental Section

7.2.1. Materials and Sample Preparation
The compounds indole (Sigma), 2-cyanoindole (2-CNI, 97%, Alfa Aesar), 3-cyanoindole (3-CNI,
98.6%, Chem-Impex International, Inc.), 4-cyanoindole (4-CNI, 97%, Acros Organics), 5170

cyanoindole (5-CNI, 99%, Acros Organics), 6-cyanoindole (6-CNI, 98+%, Alfa Aesar), and 7cyanoindole (7-CNI, 95+%, Ark Pharm Inc.) were used as received. The solvents 1,4-dioxane
(Alfa Aesar), 2-propanol (Alfa Aesar), acetonitrile (ACN, Acros Organics), D2O (99.9%,
Cambridge Isotopes), dimethyl sulfoxide (DMSO, Acros Organics), ethanol (EtOH, Decon
Laboratories, Inc.), methanol (MeOH, Acros Organics), tetrahydrofuran (THF, Acros Organics),
trifluoroethanol (TFE, Chem-Impex International Inc.), deuterated CF3CD2OD (TFE-d3, Sigma),
and formamide (FA, Acros Organics) were of spectroscopic grade and used as received. Solutions
of all indole derivatives were made by dissolving the respective compound in the desired solvent.

7.2.2 Absorption Measurements
UV-Vis absorption spectra were collected on a Jasco V-650 UV-Vis spectrophotometer using a
1.0 cm quartz cuvette at room temperature.

7.2.3 Static and Time-Resolved Fluorescence Measurements
Static fluorescence spectra were collected on a Jobin Yvon Horiba Fluorolog 3.10 fluorometer at
25 °C in a 1.0 cm quartz cuvette at a resolution of 1.0 nm, an integration time of 1 s/nm, with an
OD of 0.05 - 0.2 at the excitation wavelength (λex) of 270 or 280 nm, as indicated. In addition, for
all the fluorescence spectra presented, the difference in the optical densities of the n-CNI samples
at λex has been appropriately accounted for.
Time-resolved measurements were collected on a time-correlated single photon counting
(TCSPC) system in a 0.4 cm quartz cuvette at room temperature with a fluorophore OD at 270
nm in the range of 0.05 – 0.3. The details of the system have been described elsewhere.266 Briefly,
a Ti:Sapphire oscillator (800 nm, 85.0 MHz) was used to derive the 270 nm excitation pulse
through third harmonic generation while an electro-optical pulse picking system (Conoptics, Inc.)
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was used to reduce the repetition rate of the pulse to 21 MHz. To minimize any inner filter effect,
the excitation beam was positioned near the edge of the sample cuvette that faces the fluorescence
collection optics. Selective emission was collected under magic angle polarization using a short
band pass 355/45 nm filter (Semrock) and a long band pass 300 nm filter (Semrock) and was
detected with a MCP-PMT detector (Hamamatsu R2809U) and a TCSPC board (Becker and
Hickl SPC-730). The fluorescence decays were deconvoluted with the experimental instrument
response function (IRF) and were fit to single-exponential functions using the FLUOFIT
(Picoquant GmbH) program.

7.3 Results and Discussion

7.3.1. Absorption spectra
As shown (Figure 7.1), the position of the nitrile group on the indole ring has a distinct effect on
the absorption spectra of the cyanoindoles in H2O, as manifested by the differences in spectral
shape, wavelength of the absorption maxima (abs) and molar extinction coefficient (ε) (Table
7.1). In comparison to that of indole, the abs values of all the nitrile-derivatives are red-shifted,
with the smallest shifts (5 – 6 nm) observed for 3-CNI and 5-CNI, moderate shifts (12 – 15 nm)
observed for 2-CNI and 6-CNI, and largest shifts (>35 nm) observed for 4-CNI and 7-CNI. These
results are in qualitative agreement with the study of Juszczak and coworkers,278 which found that
an electron-withdrawing group (e.g., CN or F) on the indole ring leads to a red-shift in abs,
whereas an electron-donating moiety (e.g., CH3, OCH3, or OH) results in a blue-shift. In addition,
these substitution effects indicate that the electronic transitions of indole show a certain level of
symmetry along the short and long molecular axes, despite the fact that the molecule itself does
not possess any symmetry along these directions. However, these crude comparisons do not take
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into account the spectral shapes, which reveal a more complex substitution effect on the
absorption spectrum. For example, the spectral shape and  of 3-CNI and 5-CNI are similar to
those of indole, whereas a nitrile substitution at other positions leads to a much large change in
these properties (Figures 7.1 and 7.2). Indole has two nearly orthogonal, low-lying, and almost
degenerate excited states, denoted 1Lb and 1La.279 However, the directions of the transition dipole
moments corresponding to transitions from the ground electronic state to these excited states are
different, resulting in different electronic distributions in the 1Lb and 1La states. Therefore, it is
expected that the absorption spectrum of n-CNI is not only different from that of indole but also
depends on n. However, without further high-level quantum mechanics calculations and
modeling, which is outside the scope of the current study, it is impossible to explain such
dependence. Nevertheless, based on those spectra one could make several qualitative
assessments. For example, (1) the absorption spectrum of 6-CNI has two distinct maxima,
centered at ~280 and 310 nm, respectively, likely due to a larger separation between the 1La and
1

Lb states in this molecule; (2) the absorption spectrum of 7-CNI is similar to that of 6-CNI,

except the intensity of the higher energy band is significantly decreased; and (3) the absorption
spectrum of 4-CNI is found to be much broader than that of indole and extends beyond 350 nm.
While 4-CNI has a similar  value at abs to indole, its red-shifted and broadened spectrum would
result in a larger radiative rate constant (kR), as the latter is proportional to



 ( ) ,
d


where  (ν) is

the molar extinction coefficient at frequency ν.280 In other words, this spectral shift and
broadening suggests that 4-CNI will have a larger fluorescence QY than indole, provided that the
corresponding nitrile substitution does not significantly increase the nonradiative rate constant of
the excited state(s).
As shown (Figure 7.3), the absorption spectra of these cyanoindoles in other polar
solvents do not show significant deviation from their respective spectrum in H2O. However, like
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that observed for indole,278 their absorption spectra in cyclohexane become narrower, exposing
the underlying vibronic bands and also the position of the 0-0 transition.

7.3.2. Fluorescence spectra
As shown (Figure 7.4), the fluorescence spectra of those cyanoindoles obtained in H2O also show
that the position of the nitrile group on the indole ring has a significant effect on the fluorescent
properties of the fluorophore. It is clear that the maximum emission wavelengths (em) for all
fluorophores except 3-CNI are red-shifted compared to that of indole (Table 7.1), with a 5 nm
shift for 2-CNI and much larger shifts (30 – 60 nm) for the others. In polar solvents like H2O, it is
generally believed that the emissive state of indole is 1La, which is one of the two transitions from
the ground state to the excited state.281 The transition from the ground electronic state to the 1La
state leads to a decrease in the π-electron density at positions 1 and 3, an increase at positions 4
and 7, and an overall charge transfer of ~0.33e from the pyrrole to the benzene ring.279,282
Therefore, when an electron-withdrawing group (e.g., CN) is placed at the benzene ring,
particularly at position 4 or 7, this charge separation is enhanced, due to an internal Stark
effect,33,283 which, in turn, results in a red-shift in the fluorescence spectrum, as observed.
Conversely and as expected, the em of 3-CNI is blue-shifted ~25 nm compared to that of indole.
Furthermore, these spectra reveal that all these cyanoindoles, except 4-CNI, have a
smaller fluorescence QY than indole in H2O. In particular, the maximum intensity of the
fluorescence spectra of 2-CNI and 3-CNI is less than 0.1% of that of 4-CNI, making them
practically non-fluorescent. This result is consistent with the study of Sulkes and coworkers,284
which showed that substitution with an electron-withdrawing group (i.e., -COOH or -F) on either
the pyrrole or benzene ring of indole will lead to an increase in the nonradiative decay rate and
hence a decrease in the fluorescence QY in comparison to those of indole. It is apparent that 4174

CNI does not follow this trend and has a much higher fluorescence QY than indole, which
indicates, for reasons that yet need to be determined, that this particular nitrile substitution is able
to decrease the overall nonradiative decay rate of the fluorescent state.
As shown (Figure 7.5 and Table 7.2), the em of 3-CNI shows little, if any, dependence
on solvent. This suggests that the emissive state of 3-CNI is Lb-like. On the contrary, the em of
any other n-CNI exhibits a much greater dependence on solvent, with a general trend that em
increases with increasing solvent polarity (Figure 7.5 and Table 7.2). This behavior is similar to
that of indole and suggests that the fluorescent states of these cyanoindoles are La-like.281 In
addition, these solvent dependences, as judged by the difference between the maximum emission
wavelengths measured in THF and H2O, which are 22, 30, 32, 34, and 41 nm for 2-CNI, 6-CNI,
7-CNI, 4-CNI and 5-CNI, indicate that the energy of the emissive state of 5-CNI is most sensitive
to environment. Furthermore, like H2O, TFE is found to significantly reduce the fluorescence
intensities of these cyanoindoles, except that of 4-CNI (Fig. 7.5). It is well known that
reabsorption of the emitted light (i.e., the inner filter effect) can potentially cause the fluorescence
spectrum to red-shift. Therefore, to confirm that the n-CNI solutions used to determine the em
values (Table 7.3) are dilute enough so that the inner filter effect is insignificant, we carried out
additional fluorescence measurements in three representative solvents (i.e., THF, EtOH, and
DMSO) using a solute concentration that was approximately 10 times smaller than that used in
the above experiment. As shown (Figure 7.6), the em values obtained with less concentrated nCNI samples (1 - 5 µM) are within experimental uncertainty identical to those reported in Table
7.2. Thus, these results indicate that the reported em values are not significantly affected by the
inner filter effect.

7.3.3. Fluorescence lifetimes
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The fluorescence lifetimes of these cyanoindoles, except 5-CNI, have not been previously
investigated. Therefore, in an attempt to provide a more comprehensive understanding of the
effect of nitrile substitution on the photophysical properties of indole, we next measured the
fluorescence decay kinetics of 2-CNI, 3-CNI, 4-CNI, 6-CNI, and 7-CNI in a series of solvents
that differ in polarity and/or hydrogen-bonding (H-bonding) ability. As indicated (Figure 7.7), the
fluorescence decay kinetics of 2-CNI, 3-CNI, 4-CNI, 6-CNI, and 7-CNI in H2O are well
described by a single-exponential function, with lifetimes (Table 7.4) consistent with the
equilibrium measurements (Figure 7.7). For example, 4-CNI has the longest lifetime of 9.1 ns
while the lifetimes of 2-CNI and 3-CNI are shorter than the time resolution (~50 ps) of our
experimental setup. Interestingly, like 5-CNI, both 6-CNI and 7-CNI, whose amino acid forms
have been used previously as biological fluorescence reporters,60 have a shorter excited-state
decay time constant (i.e., 0.6 and 2.0 ns, respectively) than indole (4.0 – 4.5 ns). 160,285
Similar to that observed for other indole derivatives, the fluorescence lifetimes of these
cyanoindoles are dependent on solvent (Table 7.4). A cursory inspection of the results indicates
that among all the solvents used, H2O, TFE, and DMSO appear to have a more pronounced effect
with 5-CNI, 6-CNI, and 7-CNI exhibiting the longest (shortest) fluorescence lifetime in DMSO
(H2O and TFE). This is an interesting result as the fluorescence lifetime of indole in H2O (4.0 –
4.5 ns)160,285 is similar to that in DMSO (4.8 - 5.4 ns).33,282 Traditionally, studies concerning how
solvent affects the fluorescence properties of a fluorophore often seek to use an empirical solvent
parameter, such as ET(30) or ETN,286 to correlate between the solvent and the fluorescence
property in question. Following this practice, we tried to find out whether a simple correlation
exists between the fluorescence lifetime and an empirical solvent parameter for those
cyanoindoles. Recently, Zhang et al.162 have shown that the nitrile stretching vibrational
frequency of 5-CNI exhibits a linear dependence on the solvent parameter  = * +  - , where
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*, , and  are the Kamlet-Taft parameters that characterize its polarizability (*), its H-bond
accepting ability () and its H-bond donating ability (), respectively. Specifically, the *
parameter manifests the nonspecific electrostatic interactions between the solute (5-CNI) and
solvent molecules, whereas the  and  parameters signify the specific H-bonding interactions
between the solvent and the nitrile () and NH () groups respectively. Since the nitrile stretching
frequency is dependent on the electronic densities of the carbon and nitrogen atoms of the CN
group, which will change upon photoexcitation to the excited states, this linear correlation
suggests that  could be a useful proxy of the fluorescence lifetime of n-CNI molecules.
As shown (Figure 7.8), the fluorescence lifetime of 5-CNI, excluding those obtained in
H2O and TFE, indeed exhibits a reasonable linear correlation with a positive slope. This trend
suggests that increasing either the solvent’s polarizability (i.e., *) or its H-bonding interactions
(i.e.,) with the NH group would lead to an increase in the fluorescence lifetime of 5-CNI,
whereas increasing H-bonding interactions with the CN group (i.e.,) would have an opposite
effect. In addition, as expected, the fluorescence lifetimes of 5-CNI in these solvents are shorter
than that measured in the gas phase (16.9 ns).287
As indicated (Figure 7.9), the results obtained with 6-CNI show a similar linear
correlation when those obtained in H2O and TFE are excluded. Previous studies have shown that,
upon transition to the first electronic excited state, a partial negative/positive charge will be
accumulated at the CN/NH group of 5-CNI,158,288 which, in turn, will increase the H-bonding
interactions between these sites and solvent having non-zero α and/or β values. Therefore, it is not
surprising that a solvent’s H-bonding ability (as measured by  and ) will play a role in the
excited-state decay kinetics of 5-CNI. It is worth noting that the fluorescence lifetimes of 5-CNI
and 6-CNI in H2O and TFE are comparatively much shorter than those obtained in other solvents
(Table 7.4). Since both H2O and TFE have a large  value and hence can form strong H-bonds
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with a nitrile group, these results support the aforementioned notion that H-bonding interactions
with the CN group of 5-CNI or 6-CNI will decrease its fluorescence lifetime. However, the
significantly shorter lifetimes obtained in these solvents indicate that the empirical σ solvent
parameter in this case is incapable of correlating the respective solvent effect on the excited-state
decay kinetics of 5-CNI and 6-CNI. There are two possible interpretations of this phenomenon.
The first possibility is that both H2O and TFE can engage other (and perhaps more specific)
interactions with these cyanoindoles that cannot be fully reflected by their σ parameters. For
example, it has been shown that H2O and TFE can quench indole fluorescence via excited-state
proton transfer between the solvent and various aromatic carbons, due to their large  values.154
To test whether this process also occurs at the excited state of these cyanoindoles, we carried out,
as has been done for indole, fluorescence lifetime measurements in D2O and deuterated TFE
(TFE-d3). As indicated (Table 7.4), the fluorescence decay kinetics of both 5-CNI and 6-CNI
exhibit a measurable isotopic effect; however, the increase in the fluorescence lifetime in all cases
is less than 40%, which is significantly smaller than that observed for indole (>45%). 285 Another
possibility is that H2O and TFE can form stable complexes with 5-CNI and 6-CNI at their excited
states, which, for example, can allow a more efficient energy flow to the solvent due to the
increased number of vibrational and rotational degrees of freedom in the system, and hence
resulting in an enhanced nonradiative decay rate.
As shown (Table 7.4 and Figure 7.10), H2O and TFE also significantly reduce the
fluorescence lifetime of 7-CNI in comparison to other solvents. Also, similar to that observed for
5-CNI and 6-CNI, the lifetime of 7-CNI is not significantly increased (~15%) in a deuterated
solvent (i.e., D2O), indicating a small solvent isotopic effect. Interestingly, however, the
fluorescence lifetimes of 7-CNI obtained in FA and DMSO are much longer than those obtained
in other solvents. A possible interpretation of this result is that these solvent molecules can
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engage in more specific or preferential interactions with the aromatic ring of 7-CNI, leading to
the formation of a solute-solvent complex with a decreased non-radiative relaxation rate. In
addition, the lifetimes obtained in the remainder solvents exhibit a weak correlation with σ.
However, unlike that observed for 5-CNI and 6-CNI, the corresponding σ dependence has a
negative slope. As indicated (Figure 7.11), the solvent dependence of the fluorescence lifetime of
4-CNI is similar to that of 7-CNI, except the aforementioned effect of H2O and TFE. This may
arise from the similarity betweens the C-4 and C-7 atoms in the indole ring; as discussed above,
upon excitation to the La state of indole, both carbons will accumulate -electron density on the
order of 0.1e.283
From a biological application point of view, what is more important is that among all the
cyanoindoles, 4-CNI has the longest fluorescence lifetime (i.e., 9.1 ns) in H2O. While we do not
know all the factors underlying this phenomenon, one reason, as suggested above, is that a nitrile
substitution at the 4th position would lead to an increase in the radiative rate constant (kr). With
the availability of the fluorescence lifetime, we can verify this suggestion. The fluorescence QY
of a fluorophore is equal to kr, where  is the fluorescence lifetime. In addition, for two
fluorophores studied under identical conditions, the ratio of their fluorescence QYs is equal to
that of the integrated areas of their fluorescence spectra. Using the fluorescence lifetimes of 4CNI (9.1 ns) and indole (4.0 ns) in H2O285 and their spectra in Figure 7.7, which gives rise to a
QY(4-CNI)/QY(indole) ratio of ~4.1, we determined that the kr of 4-CNI is approximately 1.8
times that of indole. While this result confirms that 4-CNI indeed has a larger radiative rate
constant than indole, this factor alone, however, does not account for its much increased
fluorescence QY from that of indole. This is because using the published kr and knr (nonradiative
rate constant) values of indole, one can easily calculate that increasing kr by a factor of 1.8 while
keeping knr unchanged only results in an increase of the fluorescence QY by ~51%. In other
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words, the highly fluorescent behavior of 4-CNI in H2O is due mostly to a decreased knr, in
comparison to that of indole. It is well known that several mechanisms, including internal
conversion, intersystem crossing, photo-ionization, and excited-state proton transfer or exchange
(in H2O), contribute significantly to its non-radiative decay rate;154 however, identifying why and
to what extent these processes are affected by a nitrile substitution at the 4th position is nontrivial
and requires further experimental and computational studies.

7.4 Conclusions
Several cyanotryptophans have been shown to be useful fluorophores in the study of protein
conformations and conformational dynamics.57,60,266 Due to the limited commercial availability of
these tryptophan analogs, however, a thorough examination of how their fluorescence lifetimes,
except that of 5-cyanotryptophan, vary with solvent has not been done before. In this regard,
herein we report the fluorescence decay kinetics as well as the absorption and emission spectra of
six cyanoindoles (referred to as n-CNI, with n = 2-7) in a series of solvents. We find that (1) the
absorption spectra of these cyanoindoles, except that of 3-CNI, are significantly different from
that of indole, (2) 2-CNI and 3-CNI are only weakly fluorescent, (3) solvents with strong
hydrogen-bond donating ability, such as H2O and trifluoroethanol (TFE), significantly reduce the
fluorescence lifetimes of 5-CNI, 6-CNI and 7-CNI, whereas in solvents with strong hydrogenbond accepting ability, such as dimethyl sulfoxide (DMSO) and formamide (FA), these indole
derivatives exhibit the longest fluorescence decay kinetics, and (4) the fluorescence lifetime of 4CNI affords a unique dependence on solvent, with that measured in H2O being the longest. Taken
together, we believe that these spectroscopic and kinetic results will not only help identify which
cyanotryptophan to use for a given biological application, but also provide valuable experimental
data for QM calculations of the substitution effect to compare.289 Moreover, like that
180

demonstrated previously for 5-CNI (and 5-cyanotryptophan),79 we believe that the nitrile
stretching vibrations of the other cyanoindoles also afford useful infrared applications.78
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Compound
Indole
2-CNI
3-CNI
4-CNI
5-CNI
6-CNI
7-CNI

λabs (nm)
270
282
276
305
275
285
308

ε (M-1 cm-1)
6000a
16000
6600
8000
5500
10400
8000

λem (nm)
345
350
320
405
390
375
400

Table 7.1 The absorption (λabs) and emission (λem) maxima and the molar extinction coefficient
(ε) at λabs in H2O for indole and n-CNI.
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Solvent
THF
1,4-Dioxane
ACN
2-Propanol
EtOH
MeOH
DSMO
TFE
Water

2-CNI
em (nm)
328
329
330
332
334
335
335
339
350

3-CNI
em (nm)
314
305
313
315
314
314
316
314
320

4-CNI
em (nm)
371
369
380
385
387
390
392
394
405

5-CNI
em (nm)
349
348
362
362
364
367
371
374
390

6-CNI
em (nm)
345
342
354
356
358
367
363
364
375

7-CNI
em (nm)
368
367
378
380
382
387
391
391
400

Table 7.2 Emission maxima (em) of 2-CNI, 3-CNI, 4-CNI, 5-CNI, 6-CNI, and 7-CNI in the
indicated solvent.
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Solvent
THF (*)
THF (**)
EtOH (*)
EtOH (**)
DMSO (*)
DMSO (**)

2-CNI
em (nm)
328
328
334
334
335
335

3-CNI
em (nm)
314
314
314
314
316
317

4-CNI
em (nm)
371
371
387
387
392
392

5-CNI
em (nm)
352
349
364
365
371
371

6-CNI
em (nm)
346
345
358
358
363
363

7-CNI
em (nm)
368
368
382
382
391
391

Table 7.3 Emission maxima (em) of 2-CNI, 3-CNI, 4-CNI, 5-CNI, 6-CNI, and 7-CNI in the
indicated solvents. Here (*) refers to a concentration range of 10-40 µM and (**) refers to a
concentration range of 1-5 µM for each of the solvents. OD ranges for the diluted solutions were
in between 0.01-0.05.
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Solvent
THF
1,4-Dioxane
ACN
2-Propanol
EtOH
MeOH
FA
TFE
TFE-d3
DMSO
H2O
D2O

2-CNI
 (ns)
2.9
2.9
0.9
------------------0.4
<0.05c
----

3-CNI
 (ns)
3.1
3.0
1.8
------------------0.2
<0.05c
----

4-CNI
 (ns)
5.3
5.3
5.4
5.7
5.7
5.8
7.8
6.3
---7.4
9.1
9.3

5-CNI
 (ns)a
4.4
4.2
4.4
4.6
4.3
2.9
5.4
0.1
---7.1
0.3
0.4

6-CNI
 (ns)
3.7
3.9
3.8
3.7
3.7
3.5
4.2
0.8
1.1
4.3
0.6
0.8

Table 7.4 Fluorescence lifetime () of n-CNI in different solvents, as indicated.
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7-CNI
 (ns)
6.9
7.5
8.0
9.0
8.7
8.2
15.7
1.2
---14.5
2.0
2.3

 (1000 M-1 cm-1)
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Indole

2-CNI

3-CNI

4-CNI

5-CNI

6-CNI

7-CNI
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2
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350

Wavelength (nm)

Figure 7.1 Absorption spectra of indole and n-CNI in H2O at room temperature, as indicated.
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Figure 7.2 Beer’s law plots of 2-CNI, 3-CNI, 6-CNI, and 7-CNI in water, as indicated. The
smooth line in each case is a linear regression of the respective data with the y-intercept set to
zero, which yielded a molar extinction coefficient of 15693 ± 30 M-1 cm-1 for 2-CNI, 6614 ± 17
M-1 cm-1 for 3-CNI, 10400 ± 20 M-1 cm-1 for 6-CNI, and 7845 ± 15 M-1 cm-1 for 7-CNI.
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Figure 7.3 Absorption spectra of n-CNI molecules in the indicated solvents. Because of the low
solubility of the n-CNI molecules in cyclohexane, the spectra in this case are plotted against
absorbance instead of extinction coefficient.
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Figure 7.4 Normalized fluorescence spectra of indole and n-CNI in H2O at 25 °C, as indicated.
The excitation wavelength was 270 nm.
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Figure 7.5 Fluorescence spectra of n-CNI molecules in the indicated solvents, which were
measured at 20.0 °C with an excitation wavelength (ex) of 280 nm wherein the sample
absorbance was in the range of 0.05 -0.3. For easy comparison of the fluorescence intensities, the
fluorescence spectra were normalized to that of 4CNI.
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Figure 7.6 Fluorescence spectra of n-CNI molecules in the indicated solvents, which were
measured at 20.0 °C with an excitation wavelength (ex) of 280 nm wherein the sample
absorbance was in the range of 0.01-0.05. For easy comparison of the fluorescence intensities, the
fluorescence spectra obtained in each solvent were normalized to that of 4CNI.
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Figure 7.7 Fluorescence decay kinetics of 2-CNI, 3-CNI, 4-CNI, 6-CNI, and 7-CNI in water, as
indicated. In each case, the decay kinetics (colored line) was fit with a single-exponential function
(black line), with the corresponding lifetime reported in Table 7.2.
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Figure 7.8 Dependence of the fluorescence lifetime of 5-CNI on the empirical solvent parameter
σ. Line corresponds to linear fit of the data, excluding that obtained in H2O and TFE.
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Figure 7.9 Dependence of the fluorescence lifetime of 6-CNI on the empirical solvent parameter
σ. Line corresponds to linear fit of the data, excluding those obtained in H2O and TFE.
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Figure 7.10 Dependence of the fluorescence lifetime of 7-CNI on the empirical solvent parameter
σ. Line corresponds to linear fit of the data, excluding those obtained in H2O, TFE, FA, and
DMSO.
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Figure 7.11 Dependence of the fluorescence lifetime of 4-CNI on the empirical solvent parameter
σ. Line corresponds to linear fit of the data, excluding those obtained in H2O, FA and DMSO.
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8 7-Cyanoindole Fluorescence as a Local Hydration Reporter:
Application to Probe the Microheterogeneity of Nine Water-Organic
Binary Mixtures
Debopreeti Mukherjee, Lilliana I. Ortiz Rodriguez, Mary Rose Hilaire, and Feng Gai, Physical
Chemistry Chemical Physics, (2018) 20, 2527-2535 Reproduced by permission of the PCCP
Owner Societies.

8.1 Introduction
Recently, several cyanoindole-based unnatural amino acids57,60,266,290 have received much
attention due to their distinct fluorescent property and hence potential utility as novel biological
fluorophores. For example, Hilaire et al.57 demonstrated that 4-cyanotryptophan (4-CN-Trp)
exhibits unique photophysical properties, including fluorescence emission in the blue region of
the visible spectrum, that can be exploited for biological spectroscopy and imaging applications.
Furthermore, Markiewicz et al.266 showed that 5-cyanotryptophan (5-CN-Trp) can be used to
probe local hydration status in proteins, whereas Talukder et al.60 demonstrated that 6cyanotryptophan (6-CN-Trp) and 7-cyanotryptophan (7-CN-Trp) could serve as fluorescence
resonance energy transfer (FRET) donors to study interactions between proteins and nucleic
acids. Continuing this line of effort, we aim to show that the fluorophore of 7-CN-Trp, 7cyanoindole (7-CNI), can also be used as a sensitive fluorescence probe of biological processes
involving protein hydration or dehydration.
In comparison to fluorophores of amino acids that have been used as fluorescence probes
of protein hydration or dehydration, such as tryptophan,148,291 p-cyanophenyalanine,55 and 5-CNTrp,266 one advantage of 7-CNI is that its absorption spectrum is significantly shifted from those
of aromatic sidechains found in proteins (Figure 8.1). Thus, the fluorescence of 7-CNI can be
selectively excited even in the presence of other aromatic amino acids by using an excitation
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wavelength around 308 nm. In addition, a recent study by Hilaire et al.290 showed that the
fluorescence lifetimes of 7-CNI are 2.0 ns and 14.5 ns in water and dimethyl sulfoxide
respectively, indicating that its fluorescence property is sensitive to hydration. However its
practical utility as a fluorescence hydration probe has not been established. Therefore, to validate
this idea, herein we apply it to investigate the microheterogeneity in nine water-organic solvent
binary mixtures.
Many organic solvents, such as tetrahydrofuran, acetonitrile, and dimethyl sulfoxide, are
fully miscible with water at any mole fraction, forming binary mixtures with distinct physical
properties. As such, various water-organic binary mixtures have found practical applications in
various

scientific

fields,

including

organic

synthesis,292

environmental

cleanup,293,294

chromatography,295–299 nanofluids,300,301 and enzymology302–305. For example, mixtures of water
and dimethyl sulfoxide have been used to denature, precipitate, crystalize, stabilize, activate, and
inhibit proteins.169–171 It is well known that even though water and an organic solvent are miscible
at the macroscopic level, the resulting binary mixture is a non-ideal solution that can contain
microscopically distinguishable solvent clusters.306 This behavior, commonly referred to as
solvent microheterogeneity,179,307–315 has been extensively studied using a variety of water-organic
binary mixtures and techniques, including molecular dynamics simulations,308–312 linear and
nonlinear spectroscopic methods,310,316 x-ray scattering,311 and mass spectrometry179,313,315,317,318.
Therefore, we believe that commonly encountered water-organic binary mixtures would serve as
convenient model systems for us to test the applicability of 7-CNI as a fluorescence hydration
probe. It is already well known that indole rings show preference for water-organic interfacial
regions,165 such as the headgroup regions of lipid bilayers or membranes.319
Thus, the premise of our study is that 7-CNI will bind to solvent clusters that contain
organic molecules, which, in turn, will lead to changes in its fluorescence properties and
consequently provide information about the microheterogeneity of the binary solvent system in
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question. To prove our hypothesis, herein we studied nine water-organic binary mixtures
involving the following organic solvents: tetrahydrofuran (THF), acetonitrile (ACN), dimethyl
sulfoxide (DMSO), 1,4-dioxane (DIO), methanol (MeOH), ethanol (EtOH), isopropanol (IPA),
tert-butanol (TBA), and ethylene glycol (EtG). Indeed, our results show that for every binary
mixture studied, the change in 7-CNI fluorescence intensity is able to capture the mole fraction of
the organic component (hereafter referred to as O) or regions of O at which maximum
microheterogeneity occurs. In addition, our time-resolved measurements indicate that the solvent
clusters giving rise to such microheterogeneity in the binary systems studied provide a rather
special solvation environment for 7-CNI.

8.2 Experimental Section
8.2.1 Materials and Sample Preparation
All materials were of the highest purity and used as received. Specifically, 5-cyanoindole (5-CNI,
99%) and 7-cyanoindole (99%) were obtained from Ark Pharm Inc., 1,4-dioxane (spectroscopic
grade) and isopropanol (spectroscopic grade) were obtained from Alfa Aesar, ethanol
(spectroscopic grade) was obtained from Decon Laboratories, Inc., ethylene glycol (spectroscopic
grade) and tetrahydrofuran (HPLC grade) were purchased from Fisher Chemical, and all other
solvents (extra dry) - dimethyl sulfoxide, acetonitrile, methanol, and tert-butanol were obtained
from Acros Organics. All samples were prepared by mixing appropriate volumes of two stock
solutions, both of which had a solute concentration of 10 μM with one prepared in Millipore
water and the other prepared in the desired organic solvent. For each sample, the mole fraction of
the organic solvent was calculated based upon weights, using the total volume of the two
corresponding solutions. Samples used in the background measurements (for both absorbance and
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fluorescence) were prepared in the same way, except that the stock solutions did not contain any
solute.

8.2.2 Absorption Measurements
UV-Vis absorption spectra were collected on a Jasco V-650 UV-Vis spectrophotometer using a
quartz cuvette with a path length of 1.0 cm at room temperature.

8.2.3 Fluorescence Measurements
Fluorescence spectra were collected on a Jobin Yvon Horiba Fluorolog 3.10 fluorometer.
Specifically, the temperature of the sample in a 1.0 cm quartz cuvette was maintained at 25 °C,
and the spectral resolution and scanning rate were set at 1.0 nm and 1 s/nm, respectively. The
excitation wavelengths were 308 and 280 nm for 7-CNI and 5-CNI respectively. For each solvent
condition, a background fluorescence spectrum measured with the corresponding binary solvent
mixture was subtracted from that of the solute. For a given water-organic solvent mixture, the
fluorescence intensity data (SF) were presented in a normalized format and as a function of the
organic mole fraction (O), calculated using the following equation:
SF (  O ) 

I WO AW (nWO ) 2


I W AWO (nW ) 2

(8.1)

Where, IW and AW are the integrated area of the fluorescence spectrum and the absorbance at the
excitation wavelength of the fluorophore in water, respectively, whereas IWO and AWO are the
integrated area of the fluorescence spectrum and the absorbance at the excitation wavelength of
the fluorophore in the water-organic solvent binary mixture of interest at a mole fraction of ( O).
In addition, nW and nWO represent the indices of refraction of water and the corresponding water-
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organic binary mixture, respectively. Except for water-DMSO solutions, the nWO values for all
other solution mixtures were directly measured using a Bri/RI-check refractometer (Reichert
Technologies).
Fluorescence lifetimes (F) were measured on a home-built time-correlated single photon
counting (TCSPC) apparatus at room temperature using a 1.0 cm quartz cuvette and an excitation
wavelength of 270 nm, which was generated by frequency tripling of the fundamental output of a
femtosecond Ti:Sapphire oscillator. An electro-optical pulse picking system (Conoptics, Inc.) was
used to decrease the repetition rate of the pulse to 21 MHz. Fluorescence emission was isolated
through a combination of a 355/45 nm short bandpass filter and a 300 nm long pass filter
(Semrock) and collected under magic angle polarization condition with a MCP-PMT detector
(Hamamatsu R2809U) and a TCSPC board (Becker and Hickl SPC-730). Fluorescence decay
curves were fit to exponential functions using the FLUOFIT program (PicoQuant GmbH) and an
experimentally determined instrument response function (IRF). All samples used in the timeresolved experiments had an absorbance around 0.2 at the excitation wavelength.

8.3 Results and Discussion

8.3.1 Binary Mixtures Involving Aprotic Organic Solvents
We chose DMSO, THF, DIO and ACN because they are among the most commonly encountered
aprotic solvents used in water-organic binary mixtures and there are ample studies on the
corresponding mixtures.312,315,317,320–330 As shown (Figure 8.2), the absorption spectrum of 7-CNI
is insensitive to the identity and mole fraction of the organic component in the binary mixture.
However, the fluorescence spectra of 7-CNI in these binary mixtures clearly reveal a red-shift
upon going from the pure organic solvent to water in each case (Figure 8.3). This is expected as
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the underlying electronic transition of the indole ring produces a larger dipole moment at the
electronically excited (or fluorescent) state, in comparison to that of the ground electronic state,
hence rendering the excited state more stabilized in a more polar environment (e.g., in pure
water).331,332 In addition, these spectra show that the fluorescence intensity of 7-CNI varies with
χO in each case. Therefore, taken together these data indicate that the fluorescence property of 7CNI depends on the amount of water present in these binary mixtures and hence could be used as
a local hydration probe. However, to determine whether the fluorescence of 7-CNI is sensitive
enough to reveal the microheterogeneity of these water-organic binary mixtures, we need to take
a closer look at the dependences of the peak emission wavelength (max) and the fluorescence
intensity (SF, calculated via Equation 8.1) of 7-CNI on χO for each binary mixture and to compare
our results with previous findings.
As shown (Figure 8.4), for all four binary mixtures, the fluorescence intensity of 7-CNI
shows a similar dependence on χO - it first increases, reaching a maximum, and then decreases (to
a lesser extent than the increase). Furthermore, for each case, the fluorescence intensity at χOM is
much larger than that at χO manifesting the fact that in comparison to the organic solvents used in
this study, water is a more efficient quencher of 7-CNI fluorescence.290 On the other hand, as
indicated (Figure 8.5), the dependence of max on χO differs among these binary mixtures. Below,
we discuss these results individually.
For the water-ACN binary mixture, the SF versus χACN plot (Figure 8.4) shows that the
fluorescence intensity of 7-CNI reaches a maximum at χACN ≈ 0.5 (Table 8.1) where its value is
about 8.1 times of that obtained in pure water (hereafter referred to as SFW = 1), whereas in pure
ACN, the value of SF is only about 6 times that of SFW. Taken together, these results argue against
the idea that the change in the fluorescence intensity of 7-CNI arises from preferential
interactions between the fluorophore and the organic solvent molecules. If that were the case, one
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would expect to observe a curve where SF either continuously increases with increasing χACN or
reaches a plateau at a certain χACN value. Instead, these results manifest the underlying
microheterogeneity of the binary solvent system. This notion is further supported, perhaps even
more evidently, by the max versus χACN plot (Figure 8.5), which clearly shows that the
dependence of max on χACN can be divided into three χACN regions. In the first region where χACN
< 0.25, max decreases with increasing χACN; in the second region where 0.25 < χACN < 0.75, max
does not show any appreciable change; whereas in the third region where χACN > 0.75, max once
again decreases with increasing χACN. This dependence is remarkably consistent with the study of
Douhéret et al.,333 which, based on measurements of various physical properties of the waterACN binary mixture, including viscosity, density, partial molar volume of mixing, and dielectric
constant, concluded that this binary solvent system can be classified into three regions, i.e., χACN
< 0.2, 0.2 < χACN < 0.6, and χACN > 0.6. Similar conclusions have also been reached by many other
studies where different techniques, including infrared (IR) spectroscopy, 306,334 terahertz
spectroscopy,329 mass spectrometry,315,317 X-ray diffraction,306 and MD simulations,320 were used.
As shown (Figure 8.4), the SF versus χO plots obtained with water-DIO and water-THF
binary mixtures are comparable. For both systems, the maximum SF is approximately 10.2 times
of SFW and is reached at a similar χO value (i.e., χDIO ≈ 0.3 and χTHF ≈ 0.2). The major difference
between these two systems is that for the water-THF binary mixture, the SF value undergoes a
more significant decrease beyond the maximum, which presumably reflects the structural
difference between THF and DIO. Interestingly, several previous studies335,336 that employed
various scattering methods to characterize the mixing properties of these binary mixtures have
concluded that the microheterogeneity of these binary solvent systems reaches a maximum at χO ≈
0.3, where organic clusters and water-organic clusters coexist, and beyond this point, organic
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clusters become dominant.337 Hence, our results indicate that the fluorescence intensity of 7-CNI
is sensitive enough to report on the formation of such solvent clusters.
Similar to that observed in the water-ACN binary solvent, the max of 7-CNI in these
binary mixtures also exhibits a rather complex dependence on the corresponding χO (Figure 8.5).
This result is qualitatively consistent with many previous studies335–337 showing that these cyclic
ethers can form various clusters in water and hence render the binary mixture heterogeneous at
the microscopic level (see below for further discussion).
For the DMSO-water binary mixture, our results show that the SF (max) of 7-CNI
increases (decreases) with increasing χDMSO in the region where χDMSO is less than ~0.3 (Figures
8.4 and 8.5). This is in good agreement with previous observations that various solvent properties
of this binary mixture, such as viscosity and excess mixing volume, exhibit a maximum in the
χDMSO region of 0.25-0.35.338 Additionally, our result is consistent with a previous dielectric
relaxation study,169 which demonstrated that at χDMSO = 0.33, maximum hydrogen bonding
interactions occur between water and DMSO molecules.
Taken together, the results discussed above provide compelling evidence that the
fluorescence of 7-CNI can serve as a sensitive fluorescence probe of local hydration environment
and is able to reveal the intrinsic microheterogeneity of a binary mixture consisting of water and
an organic solvent. To further verify this point, we also carried out similar measurements using 5CNI, the fluorescence of which has been shown to be sensitive to hydration.266 As shown (Figure
8.6), the results obtained with 5-CNI are in agreement with those obtained with 7-CNI (Figure
8.4). Therefore, these results validate the notion that both 7-CNI and 5-CNI are capable of
probing the microheterogeneity of water-organic binary mixtures. However, in comparison to 7CNI, the main disadvantage of 5-CNI is that in water its fluorescence lifetime is extremely short
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(<200 ps), making it inconvenient to use in applications where the fluorescence lifetime needs to
be determined.

8.3.2 Binary Mixtures Involving Alcohols
To show that 7-CNI can also be used to probe the microheterogeneity of binary mixtures
consisting of water and a protic solvent, we extended our study by including five water miscible
alcohols, MeOH, EtOH, IPA, TBA and EtG.
As indicated (Figures 8.8 and 8.9, Table 8.1), the experimental data obtained with 7-CNI
in these water-alcohol binary mixtures provides a clear indication that the fluorescence properties
of this fluorophore (i.e., SF and max) vary not only with the mole fraction of the alcohol but also
with its identity. More specifically, they indicate that - (1) the mole fraction of alcohol at which
SF reaches its maximum decreases upon increasing the size of the hydrophobic group in these
mono-alcohols, i.e., in the order of MeOH > EtOH > IPA ≈ TBA, (2) the maximum value of SF
follows the same order, (3) the dependence of SF on χEtG is dissimilar to those obtained with other
water-alcohol binary systems and is much less deviated from a straight line, suggesting that due
to the additional –OH group in the alcohol, EtG and water can mix more thoroughly at the
microscopic level, resulting in almost an ideal mixture, and (4) similar to that observed with
binary mixtures composed of water and an aprotic solvent, the max versus χO plots of these wateralcohol binary mixtures (Figure 8.8), especially those containing EtOH, IPA, or TBA, indicate
that the underlying microheterogeneity is more complex than that inferred from the corresponding
fluorescence intensity plots. This finding also indicates that the energy of the fluorescent state of
7-CNI is more sensitive to subtle change in the solvation environment than its decay kinetics.
This is expected as the electron-withdrawing cyano (CN) group in this case enhances the charge
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transfer from the pyrrole to benzene ring of indole upon photoexcitation, leading to a large
increase in the dipole moment of the singlet excited state(s) of 7-CNI.
In addition, our results are consistent with previous studies on these water-alcohol binary
systems.179,310,313,339–344 For example, for the water-MeOH binary system, our observation that SF
reaches a maximum at χMeOH ≈ 0.7 (Figure 8.7, Table 8.1) is consistent with studies345,346 showing
that MeOH-MeOH association is less common at lower χMeOH values. For the water-EtOH
system, our results, especially the dependence of max on χO (Figure 8.8), are in agreement with
previous studies339,347,348 demonstrating that the microheterogeneity of this binary mixture can be
discussed in terms of four χEtOH regions and that beyond 0.2, EtOH clusters and EtOH-water
clusters can coexist and interactions between EtOH molecules reach a maximum at χEtOH ≈ 0.5
(Table 8.1). Similarly, for the water-IPA and water-TBA mixtures, our results (Figures 8.8 and
8.9, Table 8.1) are in line with various studies310,349,350 indicating that organic clusters can form at
a rather low alcohol mole fraction (~0.2) and that these clusters begin to break up when the
alcohol mole fraction is greater than ~0.7.
Thus, taken together our results support the well-accepted notion that mixing water with
certain alcohols can be a non-ideal process and alcohol clusters of different sizes and
compositions can form in the corresponding binary mixtures.

8.3.3 Homogeneity within Heterogeneity
A qualitative picture emerging from our measurements and earlier studies is that for a waterorganic solvent mixture, microheterogeneity can occur. Although the mole fraction at which the
system becomes most heterogeneous (χOM) depends on the organic component, the entire
concentration range can be divided into three to four regions, when discussing the physical
behavior of any binary system. In the first or water-rich region, the organic molecules are mostly
206

incorporated in the structural network of water. In the second region, organic-organic clusters and
water-organic clusters begin to form and their populations reach a maximum at a certain χO value,
where the system becomes most heterogeneous microscopically. In the third region, water
solvated organic clusters become predominant. In the fourth or organic-rich region, organicclusters gradually disappear and small water aggregates can form. In an attempt to further
characterize the distribution of these clusters, we carried out fluorescence lifetime measurements.
Recently, Hilaire et al. showed that 7-CNI affords single-exponential fluorescence decay
kinetics in various solvents with a lifetime (F) that is sensitively dependent on the solvent, for
example, F = 2.0 ns in water, F = 8.2 ns in MeOH, and F = 14.5 ns in DMSO.290 Because of this
sensitivity, we believe that measurement of the fluorescence lifetime of 7-CNI in a water-organic
binary mixture would help elucidate the nature of its microheterogeneity. Our working hypothesis
is that in the presence of an ensemble of solvent clusters of different sizes and compositions,
which should provide a distribution of solvation environments for the fluorophore, the
fluorescence decay kinetics of 7-CNI will be characterized by a distribution of lifetimes.
However, contrary to our expectation, in all of the binary mixtures studied and at any χO value,
even under condition where maximum microheterogeneity is supposed to occur, the fluorescence
decay kinetics of 7-CNI could be well described by a single-exponential function (Figures 8.9 and
8.10, Table 8.2). Furthermore, we found that for a given water-organic binary mixture the F of 7CNI shows a similar dependence on χO as its SF (Figure 8.11, Table 8.2), which suggests that F is
also sensitive to the underlying microscopic phase separation. Despite this similarity, an
interesting question to ask is why the fluorescence lifetime measurements did not reveal the
existence of different solvent clusters. There are three possible interpretations. The first one is
that the changes in F are caused by preferential interactions between 7-CNI and the organic
solvent molecules and, as a result, this quantity does not capture the intrinsic heterogeneity of the
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system. As discussed above, this possibility can be largely ruled out as none of the measured
fluorescence properties (i.e., SF, max, and F) of 7-CNI exhibits a dependence on χO that supports
this argument. The second one is that at any given solvent condition, there is only one dominant
cluster formed in the binary mixture. This scenario, however, disagrees with results obtained from
previous mass spectrometric studies.315,317,339 The last and most probable interpretation is that the
solvent clusters in the system undergo dynamic exchanges or re-configurations on an ultrafast
timescale (i.e., faster than 2 ns, the fluorescence lifetime of 7-CNI in water), making the
fluorophore ‘see’ only an average environment at any given solvent composition. In other words,
from a solute’s perspective, these water-organic binary mixtures appear homogenous even though
they are intrinsically heterogeneous. Finally, given the prevalent use of fluorescence decay
measurement in assessing local solvation or environmental heterogeneity, it is worth noting,
based on our current finding, that the observation of a single-exponential fluorescence decay
kinetics is insufficient to conclude that the system in question is homogenous.
Interestingly, in every case, the fluorescence decay kinetics of 7-CNI is the slowest at or
near the χOM value (Table 8.2). For example, in the binary mixture composed of water and THF
the F of 7-CNI is 13.3 ns at χTHF = 0.25, comparing to 6.9 ns obtained in pure THF. This is an
important result as it indicates that even though microscopic phase separations can occur in these
water-organic binary solvent systems, the resultant solvent clusters afford properties that are
different from those of the corresponding pure organic phase. In other words, both water and
organic molecules must be integral parts of these clusters and they work together synergistically
to create a dynamic and yet distinct solvent environment (at χOM) that supports a prolonged
fluorescence decay kinetics for 7-CNI. Based on this notion, we further hypothesized that for all
the water-organic binary mixtures studied herein, the property of this unique environment, as
manifested by the fluorescence lifetime of 7-CNI, can be correlated with a suitable solvent
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parameter of the organic component. While for a pure organic solvent there are many empirical
parameters that could be used to characterize its effect on the fluorescence property of a solute,
the one we chose for this purpose is the peak wavenumber (in cm-1) of the 7-CNI fluorescence
spectrum in this solvent (not the corresponding water mixture). This is because this quantity
(hereafter referred to as ωO) is an effective measure of the unique solvation environment provided
by the organic solvent of interest for 7-CNI. It is worth noting that for a given water-organic
binary system the ωO value is different from the corresponding 1/max (Table 8.1). As indicated
(Fig. 8.12), for all the binary systems studied, except water-EtG, which exhibits more or less ideal
behavior, and water-DMSO, the F measured at χOM indeed exhibits a linear correlation with the
corresponding ωO. This correlation can even extend further to include the data point obtained in
pure water, which, as discussed above, suggests that water molecules play an important role in
defining the property of the solvent clusters formed at χOM. In addition, and perhaps more
importantly, this correlation suggests that the structures and dynamics of such clusters formed in
different water-organic binary mixtures share similar features. Furthermore, this correlation
indicates that the microheterogeneous environment of clusters formed by organic molecules with
a lower dielectric constant (e.g., THF and DIO) exhibits a more significant deviation from the
environment in the pure organic solvent. I think now we should also include the plot of SFmax vs.
ωO as that plot also shows a similar trend and has a linear correlation.

8.4 Conclusions
Aiming to show that the fluorophore of the unnatural amino acid 7-cyanotryptophan, 7cyanoindole (7-CNI), is a useful fluorescence hydration probe, we measured how its fluorescence
properties, including intensity (SF), peak wavelength (max), and lifetime (F), change as a function
of the organic mole fraction (χO) in a series of water-organic binary mixtures, where the organic
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solvent is either dimethyl sulfoxide, tetrahydrofuran, 1,4-dioxane, acetonitrile, methanol, ethanol,
isopropanol, tert-butanol or ethylene glycol. We found that in each case - (1) the dependence of
SF on χO provides a simple and convenient means to determine the mole fraction (χOM) at which
maximum microheterogeneity occurs, (2) the dependence of max on χO provides a more
comprehensive description about the heterogeneous status of the system, and (3) the dependence
of F on χO shows that the fluorescence decay kinetics of 7-CNI can be much longer at χOM than in
the corresponding organic solvent, indicating that the organic clusters formed in the binary
mixture can provide a very different solvation environment for the solute than the pure solvent.
Moreover, we found that under all solvent conditions studied, the fluorescence decay kinetics of
7-CNI can be well fit to a single-exponential function, suggesting that the solute sees a
homogeneous environment on the timescale of a few nanoseconds. Finally, we found that a linear
correlation exists between F measured at χOM and an empirical solvation parameter of the organic
solvent. This suggests that the organic clusters formed in different water-organic binary mixtures
provide a similar solvation environment for 7-CNI that can be fine-tuned by the nature of the
organic solvent. Taken together, these results not only confirm the proposed utility of 7-CNI as a
sensitive fluorescence hydration probe but also provide new insights into the microheterogeneity
of water-organic binary mixtures. Given the fact the stretching vibration of a cyano group on the
indole ring can be used as an infrared probe of local environment,162 we expect that 7-CNI will
find wide applications.220
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Organic
Solvents
ACN
DMSO
THF
Dioxane
MeOH
EtOH
IPA
TBA
EtG

χO

SFmax

max (nm)

o(nm)

ωo (cm-1)

0.5
0.3
0.2
0.3
0.7
0.6
0.5
0.4
1.0

8.4
5.9
10.8
10.7
6.8
8.6
9.6
10.1
9.7

391
393
391
392
391
391
392
391
393

378
370
402
387
381
379
379
-

26455
27027
27248
25840
26247
26385
26385
-

Table 8.1 Maximum fluorescence intensity of 7-CNI in each water-organic binary mixture, SFmax,
(fluorescence spectra normalized according to equation 1 in the main text), peak emission
wavelength (max) of 7-CNI, as indicated in the corresponding water-organic binary mixtures,
peak emission wavelength (o) of 7-CNI in pure organic solvents, as indicated, and wavenumber
values (ωo) corresponding to o.
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Organic Solvents
DMSO
DMSO
DMSO
DMSO
THF
THF
THF
THF
THF
THF
THF
ACN
ACN
ACN
ACN
ACN
DIO
DIO
DIO
DIO
DIO
EtOH
EtOH
EtOH
EtOH
EtOH
MeOH
MeOH
MeOH
MeOH
IPA
IPA
IPA
IPA
EtG
EtG
EtG
TBA
TBA
TBA

χO
0.10
0.15
0.30
0.80
0.04
0.10
0.20
0.40
0.60
0.80
1.00
0.05
0.15
0.40
0.50
1.00
0.05
0.10
0.25
0.50
0.80
0.00
0.10
0.20
0.70
1.00
0.10
0.40
0.80
1.00
0.05
0.15
0.50
0.90
0.10
0.50
1.00
0.10
0.40
1.00

τF (ns)
7.7
11.7
16.2
14.6
3.8
10.4
13.3
13.2
9.9
8.4
6.8
3.2
7.9
12.3
12.1
7.9
4.8
8.8
14.3
12.4
10.4
1.9
3.7
7.4
10.9
8.8
2.3
6.7
9.2
8.2
3.1
9.3
11.7
9.7
2.9
8.4
12.3
9.0
12.1
9.4

2
1.17
1.11
1.33
1.19
0.99
0.99
1.04
1.23
1.23
1.06
1.05
1.00
1.00
1.11
1.06
1.06
0.99
1.08
1.07
1.26
1.06
0.95
0.94
1.06
1.16
0.96
1.06
1.04
0.99
1.01
1.08
1.17
1.01
1.14
0.92
1.16
0.96
1.22
1.30
1.15

Table 8.2 Dependence of the fluorescence lifetime (F) of 7-CNI on the organic component and
its mole fraction (O) in the water-organic solvent binary system. Also listed are the 2 values
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resultant from fitting the corresponding fluorescence decay kinetics to a single-exponential
function.
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3.0

L-Trp

Absorbance

2.5

L-Tyr
L-Phe

2.0

7-CNI
1.5
1.0
0.5
0.0
190

240

290

340

390

Wavelength (nm)

Figure 8.1 Absorption spectra of L-Trp, L-Tyr, L-Phe, and 7-CNI in water. For each solution, the
concentration of the solute was ~122 μM.
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Figure 8.2 Absorption spectra of 7-CNI in water-organic binary mixtures, as indicated.
Absorbance values were normalized with respect to O = 0.6 for all the binary mixtures and the
concentration of the solute was ~10 μM for each solution.
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Fluorescence Intensity
Fluorescence Intensity
Fluorescence Intensity

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Figure 8.3 Normalized fluorescence spectra of 7-CNI in different water-organic binary systems,
as indicated. In each panel, the numbers indicate the mole fractions of the organic solvent.
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Fluorescence Intensity (SF)

Water-ACN

Water-DMSO

Water-DIO

Water-THF

Mole Fraction of Organic Solvent (O)

Figure 8.4 Normalized fluorescence intensity (SF) of 7-CNI as a function of χO in different waterorganic binary mixtures, as indicated. In each case, the smooth line serves to guide the eyes. Also
shown in the DMSO panel is the chemical structure of 7-CNI.
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Peak Wavelength (nm)

Water-ACN

Water-DMSO

Water-DIO

Water-THF

Mole Fraction of Organic Solvent (O)

Figure 8.5 Peak emission wavelength (λmax) of 7-CNI as a function of χO in different waterorganic binary mixtures, as indicated. In each case, the smooth line serves to guide the eyes.
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Fluorescence Intensity (SF)

Water-ACN

Water-THF

Water-DIO

Water-DMSO

Mole Fraction of Organic Solvent (O)

Figure 8.6 Peak emission wavelength (λmax) of 7-CNI as a function of χO in different waterorganic binary mixtures, as indicated. In each case, the smooth line serves to guide the eyes.
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Fluorescence Intensity (SF)

Water-MeOH

Water-EtOH

Water-EtG

Water-IPA

Water-TBA

Mole Fraction of Organic Solvent (O)

Figure 8.7 Normalized fluorescence intensity (SF) of 7-CNI as a function of χO in different wateralcohol binary mixtures, as indicated. In each case, the smooth line serves to guide the eyes.
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Peak Wavelength (nm)

Water-MeOH

Water-EtOH

Water-EtG

Water-IPA

Water-TBA

Mole Fraction of Organic Solvent (O)

Figure 8.8 Peak emission wavelength (λmax) of 7-CNI as a function of χO in different wateralcohol binary mixtures, as indicated. In each case, the smooth line serves to guide the eyes.
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Intensity (Counts)
Intensity (Counts)

ACN = 0.40

DMSO = 0.30

THF = 0.20

DIO = 0.25

Time (ns)

Time (ns)

Figure 8.9 Representative fluorescence decay kinetics (red) of 7-CNI obtained in different waterorganic solvent binary mixtures with the indicated mole fraction of the corresponding organic
component. In each case, the black line represents the best fit of the kinetics to a singleexponential function with the resultant residues shown in the top panel.
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EtG = 1.0
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IPA = 0.50
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TBA = 0.40
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Time (ns)

Figure 8.10 Representative fluorescence decay kinetics (red) of 7-CNI obtained in different
water-alcohol binary mixtures with the indicated alcohol mole fraction. In each case, the black
line represents the best fit of the kinetics to a single-exponential function with the resultant
residues shown in the top panel.
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Figure 8.11 Dependence of fluorescence lifetime (τF) of 7-CNI on χO for different water-organic
binary mixtures, as indicated.
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Figure 8.12 Fluorescence lifetime of 7-CNI measured at χOM as a function of ωO.
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9 Possible Existence of α-Sheets in the Amyloid Fibrils formed by a
TTR105-115 Mutant
Reprinted with permission from Journal of the American Chemical Society, Mary Rose Hilaire*,
Bei Ding*, Debopreeti Mukherjee*, Jianxin Chen, and Feng Gai, (2018) 140, 629-635. Copyright
(2018) American Chemical Society. (* denotes equal authorship)

9.1 Introduction
Amyloids formed by the transthyretin (TTR) protein have been linked to various diseases,
including Senile Systemic Amyloidosis, Familial Amyloid Polyneuropathy, Familial Amyloid
Cardiomyopathy, and Central Nervous System Selective Amyloidosis.14,351,352 As such, numerous
studies have focused on TTR amyloid fibrils, ranging from structure determination to elucidation
of the underlying fibrilization mechanism.353–358 In particular, an 11-residue segment of TTR,
TTR105-115 (sequence: YTIAALLSPYS where the numbering is consistent with the full-length
protein) has been widely used as a model system in this regard, as this segment is known to form
‘cross-’ amyloid fibrils similar to those formed by the full-length protein.359,360 Recently, Griffin,
Dobson, and co-workers have characterized the atomic structure of TTR105-115 fibrils, using a
combination of structural techniques, including magic angle spinning nuclear magnetic resonance
(NMR), cryo-electron microscopy (cryo-EM), X-ray diffraction, scanning transmission electron
microscopy (STEM), and atomic force microscopy (AFM). They found that these fibrils are
formed from four, six, or eight two-sheet protofilaments which are aligned in a head-to-tail
manner, with each protofilament consisting of parallel, in-register β-sheets that stack in an
antiparallel fashion (Figure 9.1). In addition, their structure models suggested that structured
water exists in the fibril core360 which initially motivated us to introduce a site-specific infrared
(IR) probe into the sequence of TTR105-115 and use both linear and nonlinear IR spectroscopic
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techniques to assess the dynamics of such confined or structured water, a topic that has attracted
considerable attention in the past few years.361 Specifically, we mutated Leu111 to aspartic acid 4methyl ester (DM), which is a well-established protein IR hydration probe.69 The choice of this
mutation is based on the fibril structure (Figures 9.1 and 9.2), which shows that 50% Leu111
sidechains are buried in a water-inaccessible region and the rest are exposed to confined water.
Much to our surprise, our spectroscopic results suggest that this TTR105-115 mutant (hereafter
referred to as TTR-111DM) forms fibrils that are distinctly different from those formed by the
wild-type peptide, as the former consist of both β- and α-sheets.
The α-sheet structure was first proposed by Pauling and Corey as a secondary structural
element of proteins.362 As indicated (Figure 9.3), the structure of an ideal α-sheet is similar to that
of an ideal α-sheet as both have the same meridional repeat distance (4.75 Å) and the same
average hydrogen bond distance (2.3 Å); however, they differ in the orientation of their respective
backbone NH and CO groups. In the β-sheet structure, the NH and CO groups alternate on either
side of the sheet, while all the NH (CO) groups in an α-sheet are aligned on one side of the
peptide backbone pleat.362–364 Therefore, each NH/CO group in an α-sheet would form two
hydrogen-bonds (H-bonds) with two CO/NH groups on a neighboring strand.363 Comparably, βsheets are more stable than α-sheets, which lead Pauling and Corey to reject the α-sheet structure
as an “important” configuration in proteins.362,365 Indeed, very few α-sheet structures have been
found in native proteins,363 although they can be induced to form in short peptides consisting of
alternating D- and L-amino acids.366,367 Interestingly, however, α-sheet conformations are
frequently observed in molecular dynamics (MD) simulations of amyloid-forming proteins,
including TTR, γ2-microglobulin, lysozyme, the prion protein, and polyglutamine, particularly in
the regions of the protein which are considered the most amyloidogenic experimentally.363,364,368–
370

In this regard, the α-sheet has been postulated to be a common intermediate state in the format-
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-ion of amyloid fibrils and, also, the underlying structure of the toxic amyloid oligomers. 363
Nevertheless, to the best of our knowledge, this structure has never been observed experimentally
to exist in either transiently populated amyloid oligomers or mature fibrils, making it an elusive
target for further studies. Thus, the experimental confirmation of this structure in amyloid fibrils
will open up new avenues for providing a better understanding of the biological role of α-sheets.

9.2 Experimental Section
9.2.1 Sample Preparation
The TTR105-115 (Sequence: NH2-YTIAALLSPYS-CONH2), TTR-111DM (Sequence: NH2YTIAAL-DM-SPYS-CONH2) and Aβ16-22F19K* (Sequence: KLVK*FAE, phenylalanine at
position 19 was mutated to K* or Lys(Nvoc)) peptides were synthesized on a Liberty Blue
automated microwave peptide synthesizer (CEM, Matthews, NC) using Fmoc-based solid phase
peptide synthesis. All peptide samples were prepared initially by dissolving the corresponding
lyophilized peptide in solvent composed of 10% acetonitrile (ACN) and 90% D2O (pD 2) with a
final monomer concentration of ~4 mM. Peptides were purified by reverse-phase high
performance liquid chromatography (HPLC) and were identified by matrix assisted laser
desorption ionization mass spectroscopy (MALDI-MS). Trifluoroacetic acid (TFA) removal and
H-D exchange were achieved by multiple rounds of lyophilization against a 0.1 M DCl solution.
The peptides were then monomerized by dissolving in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)
at a concentration of 1 mM. Subsequent HFIP removal was done using N2 gas, followed by
lyophilization. Peptide aggregation and fibrilization were achieved following previous practice.360
For the TTR peptides, first, an appropriate amount of monomerized and lyophyilized peptide
solid was dissolved in a mixture of acetonitrile (10%) and D2O (90%) with a pD of 2.0 to yield a
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4-5 mM peptide solution. Then, this solution was heated at 37 °C for 6 hrs (for mutant) or 48 hrs
(for wild-type), followed by incubation at 25 °C in a dry box for ~1 week for wild-type or <1 day
for mutant to allow fibril formation. The same aggregation protocol was followed for the Aβ1622F19K*

peptide except for the fact that the peptide was dissolved in water and the pH was

brought to 4.0 using 0.01 M HCl before the onset of aggregation.

9.2.2 Atomic Force Microscopy Measurements
AFM samples were prepared by placing ~5 μL of the aggregated peptide sample in question
directly on a clean mica sheet/strip, which was then rinsed with 200 μL of Millipore water and
was subsequently dried using N2 gas. AFM images were obtained on a Bruker Dimension Icon
Atomic Force Microscope and were processed using the free Gwyddion software.

9.2.3 Transmission Electron Microscopy Measurements
TEM samples were prepared by placing ~3 μL of an aggregated peptide solution on a thin carbon
film (deposited on a copper grid) which was initially made hydrophilic through glow discharging.
After 1 minute, the solution was gently blotted with filter paper and then ~3 μL of a 1% uranyl
acetate solution (pH 4.5) was added to stain the sample. The resultant solution was then blotted,
which was followed by another round of staining using the same procedure. TEM image was
obtained with a JEOL 1010 transmission electron microscope operated at 80 KV, equipped with a
Hamamatsu digital camera (250,000 magnification) and the images were processed using the free
AMT Advantage Image Capture software.
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9.2.4 UV-Vis Absorption and Fluorescence Measurements
UV-Vis absorption spectra were collected on a Jasco V-650 UV-Vis spectrophotometer using a
1.0 cm quartz cuvette at room temperature. Fluorescence spectra were taken on Jobin Yvon
Horiba Fluorolog 3.10 fluorometer.

9.2.5 Circular Dichroism Measurements
Circular dichroism (CD) spectra were collected on an Aviv CD 62A DS spectrometer with an
averaging time of 20 s. For fibril samples, the solution was held between two CaF2 windows
separated by a 6 μm spacer; whereas for monomer samples, a regular quartz CD cuvette with a
pathlength of 1 mm was used. For all presented CD spectra, a background spectrum measured
with only the corresponding solvent but otherwise under the same conditions has been subtracted.

9.2.6 Fourier Transform Infrared Spectroscopic Measurements
Fourier Transform Infrared (FTIR) spectra were collected on a Nicolet 6700 FTIR spectrometer
with a spectral resolution of 1 cm-1 and an average of 256 scans, using a sample holder made with
two CaF2 windows and a 50 μm Teflon spacer. Attenuated total reflectance Fourier transform IR
(ATR-FTIR) spectra were collected using a Horizon ATR accessory (Harrick Scientific Products,
Inc.) for the Nicolet 6700 spectrometer. The aggregated peptide sample in question was first
placed onto to the germanium (Ge) crystal and was then dried under vacuum for at least 24 hours
before measurement.
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9.2.7 Two-dimensional Infrared Measurements
2D IR spectra were collected on a homebuilt 2D IR setup that has been described in detail
previously.220 Briefly, three femtosecond IR pulses (k1, k2, and k3, respectively) were focused onto
the sample, which was sandwiched between two CaF2 windows separated by a 25 μm Teflon
spacer, in a box-CARS geometry to generate the desired third-order response. This response was
then heterodyned with a local oscillator (LO) pulse, and the combined signal was further
dispersed by a monochromator and detected with a 64-pixel liquid nitrogen-cooled IR array
detector (Infrared Associates, FL). By scanning the time delay () at 2 fs steps between the k1 and
k2 pulses from -3.5 to 4.0 ps, the rephrasing and nonrephasing data were measured and added up
to obtain the absorptive 2D spectrum for a fixed delay time (T) between k1/k2 and k3 pulses.

9.3 Results and Discussion
As shown (Figure 9.4), like the wild type TTR105-115 peptide,360 TTR-111DM readily aggregates
and forms fibrils at concentrations of a few millimolar. However, the amide I′ (amide I in D 2O)
bands of these peptides, when aggregated, show significant differences (Figure 9.5). The amide I
band, which arises mainly from the backbone C=O stretching vibrations, is a well-established IR
reporter of protein conformations. This is because the amide I band of a polypeptide manifests the
underlying vibrational coupling between the individual amide units, an interaction depending on
its secondary structure.145 For example, the amide I′ band of amyloid fibrils consisting of either
parallel or antiparallel β-sheets is characterized by a strong and narrow peak located at a
frequency of less than 1630 cm-1, whereas fibrils composed of antiparallel β-sheets also give rise
to a weak amide I′ peak at a frequency of 1680 cm-1 or higher.145,371,372 Therefore, the FTIR results
in Figure 9.5 provide the first evidence indicating that the Leu111 to DM mutation in TTR105-115

231

leads to a change in the underlying fibril structures. Consistent with the fibril structures of
Fitzpatrick et al.,360 the amide I′ band of aggregated TTR105-115 peptides shows characteristics of
parallel β-sheets,373–375 as it is dominated by a pair of narrow peaks located at ~1625 (strong) and
~1665 cm-1 (weak), respectively. Further two-dimensional infrared (2D IR) measurements show
that a cross-peak at (ωpump, ωprobe) = (1665 cm-1, 1625 cm-1) is developed at early waiting times
(Figure 9.6), indicating that these peaks arise from the same fibrillar species and not from
heterogeneity in the sample.
In comparison (Figure 9.5), the FTIR spectrum of an aggregated TTR-111DM sample in
the amide I′ region contains more resolvable spectral features. As expected, the ester carbonyl of
the DM sidechain gives rise to an additional IR band outside the amide I′ profile, which can be
well fit by a Gaussian function with a peak frequency of 1744.8 cm-1 and a width (i.e., FWHM) of
7.2 cm-1 (Figure 9.7). According to the study of Pazos et al.,69 this frequency indicates that the
ester carbonyls in the fibrils are situated in a dehydrated environment, an unexpected result.
Based on the fibril structures of TTR105-115 (Figures 9.1 and 9.2), 50% of the sidechains at position
111 would face towards the hydrated core of the fibril and, hence, should produce an IR band at a
frequency of 1730 cm-1 or lower due to H-bonding interactions with water. To verify that the
fibrils produced by both the wild-type and mutant TTR105-115 peptides indeed contain confined
water, we measured the FTIR spectra of the respective fibril samples in the form of a dry film. As
shown (Figure 9.8), the data clearly show that even for fibril samples that have been dried on the
surface of a Ge crystal under vacuum for at least 24 hours, the D2O IR band361 at ~2575 cm-1 is
still present. This result indicates that fibrils formed by both the wild-type and mutant TTR
peptides can host trapped water, as initially suggested.360 Thus, the fact that the DM sidechain in
the TTR-111DM fibrils is not located in a hydrated environment suggests that the corresponding
Leu111 to DM mutation changes the fibril structure(s). A more convincing evidence in support of
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this notion comes from the amide I′ band of the mutant sample, which consists of four resolvable,
narrow peaks, at ~1616, ~1652, ~1662, and ~1672 cm-1, respectively (Figure 9.5). The peaks at
1616 and 1652 cm-1 likely correspond to those observed in TTR105-115 fibrils,373 with a modest
shift toward lower wavenumbers. This similarity suggests that the fibrils formed by TTR-111DM
contain parallel α-sheets. The question is then what produces the other two spectral features. One
possibility is that the 1662 and 1672 cm-1 peaks arise from non-aggregated peptides and residual
trifluoroacetic acid (TFA) in the fibril sample, respectively. This is because the amide I′ band of a
disordered peptide is centered around 1650 cm-1 and TFA, which was used in the peptide
synthesis and purification, exhibits a strong IR signal at 1672 cm-1. To test this possibility, we
followed the aggregation/fibrillization process of the TTR-111DM peptide by measuring its FTIR
spectra as a function of time. As shown (Figure 9.9), the amide I′ band obtained at ‘zero time’ is
dominated by a broad feature centered at ~1650 cm-1, which directly rules out the possibility that
the 1672 cm-1 peak originates from TFA. Furthermore, all of the fine spectral features are
developed concomitantly, at the expense of the broad 1650 cm-1 feature, which, therefore, argues
against the idea that the 1662 cm-1 peak corresponds to non-aggregated peptides. This argument is
further corroborated by the ester carbonyl signal of the DM sidechain. If a significant amount of
peptide monomers were still present, one would expect the presence of a broad peak at 1725 cm-1,
as that observed at ‘time zero’, in the spectrum collected at 315 minutes, which is not observed
(Figure 9.9 inset). In fact, the fairly narrow bandwidth of the ester carbonyl band of the fully
aggregated sample provides strong evidence indicating that the DM sidechains in the fibrils
sample a rather homogenous environment. In support of this picture, the 2D IR spectrum of the
ester carbonyl band at T = 0 shows little, if any, elongation (Figure 9.10). Thus, taken together
these results indicate that the four narrow amide I′ peaks of TTR-111DM originate from the
underlying fibril structure, rather than from any sample heterogeneity. Moreover, the time depen-
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-dence of the amide I′ band of TTR-111DM (Figure 9.9) indicates that its fibrils are formed within
~5 hrs, which is much faster than the fibrilization rate of the wild-type peptide measured under
similar experimental conditions.360
Theoretical calculations have predicted that the amide I′ frequency of the α-sheet is
different from its α-sheet counterpart. For example, the density functional theoretical study of
Torii indicated that the α-sheet conformation of a glycine dipeptide gives rise to a strong amide I′
peak between 1670 - 1690 cm-1 and a less intense one between 1630 - 1650 cm-1. Similarly, the
quantum mechanics calculation of Huo and coworkers376 on the amide I band of an alanine
dipeptide predicted that the α-sheet conformation would exhibit a strong peak at 1653 cm-1, with
two smaller ones at 1623 and 1681 cm-1. Therefore, based on these theoretical predictions, a more
plausible interpretation of the atypical amide I′ band shape of the TTR-111DM fibrils is that it
contains contributions from both α- and β-sheets. Because of the narrowness of the ester carbonyl
vibrational band, it is unlikely that the aggregated TTR-111DM sample is composed of two types
of fibrils, with one consisting of α-sheets and the other of α-sheets. Therefore, we hypothesize
that the fibrils are assembled from protofibrils consisting of both α- and β-sheets. To further
validate this notion, we carried out 2D IR measurements on TTR-111DM fibrils. Should those 4
amide I′ bands indeed share the same structural origin, we expect to observe 2D IR cross-peaks
developed between them due to either vibrational coupling or energy transfer. As shown (Figure
9.11), the 2D IR spectrum obtained with <XXXX> polarization configuration at T = 0 shows
cross-peaks between the 1662 and 1672 cm-1 bands. In addition, 2D IR spectra measured with
<XXYY> polarization configuration show enhanced cross-peaks between the 1652 cm-1 and two
higher-frequency bands and those obtained at longer waiting times indicate the development of
cross-peaks between the 1616 cm-1 and other three bands (Figure 9.12). Taken together, these 2D
IR results provide strong evidence indicating that the unique amide I′ band shape of the TTR-111
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-DM fibrils does not arise from sample heterogeneity, but instead supporting the hypothesis that it
manifests the difference in the underlying backbone-backbone H-bond arrangements.The protein
amide A band mainly arises from the backbone N-D stretching vibrations (in D2O). Therefore, the
difference between the backbone-backbone H-bonding patterns of the α- and β-sheets is expected
to affect not only their amide I′ bands, as observed (Figure 9.5), but also their amide A vibrations.
Indeed, the aggregated TTR105-115 and TTR-111DM samples show distinct difference in their
amide A bands, as seen from ATR-FTIR spectroscopic measurements (Figure 9.8). This provides
additional evidence supporting the notion that the underlying fibrillar structures of these two
peptides are not identical.
Further supporting evidence comes from the far-UV circular dichroism (CD) spectra of
TTR105-115 and TTR-111DM. As indicated (Figure 9.13), the CD spectrum of an aggregated
TTR105-115 sample is similar to that observed previously.377 However, in comparison the CD
spectrum of an aggregated TTR-111DM sample is not only different in shape from that of TTR105115

but also exhibits a giant CD signal at 205 nm. This is an amazing result, as, to the best of our

knowledge, such a giant CD signal has never been observed in a peptide or protein system. It is
well known that certain amino acids, such as tryptophan, can produce additional CD signals (i.e.,
a CD couplet) in the far-UV spectral region due to exciton couplings.181,185 Therefore, the giant
CD signal observed for the TTR-111DM aggregates is most likely due to additional contributions
from the DM sidechains, as methyl acetate, a model compound for the sidechain of DM, exhibits a
strong far-UV absorption band, peaked at ~205 nm in water (Figure 9.14). Since the magnitude of
an exciton CD couplet is sensitively dependent on the relative positions (i.e., distance and
orientation) of the two coupled chromophores,126 the greatly enhanced CD signal at 205 nm
suggests that in the fibrils, the DM sidechains from two in-register sheets must be in close
proximity. This agrees with the linear and 2D IR results showing that the ester group of DM is not
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only buried in a dehydrated environment but also experiences little, if any, heterogeneity. In
support of this picture, the far UV CD spectrum of TTR-111DM monomers only show typical
spectral features associated with unstructured peptides (Figure 9.15). It is also possible that the
giant CD signal is due to exciton couplings involving both electronic transitions arising from the
peptide backbone and the DM sidechains. Yet, another possible scenario is that the underlying
fibril structure supports a supramolecular chirality, leading to a large increase in the CD signal, as
has been observed for chiral helical stacks.378–381 Irrespective of the interpretation, these CD
spectra once again indicate that TTR-111DM form fibrils with a distinct structure.
The most direct evidence indicating that the fibril structures of the wild-type and mutant
aggregates are dissimilar comes from the AFM images of individual fibrils formed by TTR 105-115
and TTR-111DM. It is apparent that the dimension perpendicular to the long fibril axis (hereafter
referred to as d) is larger for the TTR-111DM fibrils than for the TTR105-115 fibrils (Figure 9.15). A
more quantitative assessment further substantiates this notion as it indicates that the height (h) of
the TTR105-115 fibrils is about 10-12 nm, which is on the same order as measured previously,
whereas the TTR-111DM fibrils have a h of about 4-6 nm and a d about 25-45 nm (Figure 9.16).
This aspect ratio seems to suggest that the TTR-111DM fibrils adopt a ribbon-like structure;
however, the fact that these fibrils contain confined water, even under dry conditions (Figure 9.8),
argues against this picture. Moreover, a two-dimensional fast Fourier transform (2D-FFT)
analysis of individual fibrils reveals, as shown (Figure 9.17), that the wild-type fibrils have an
intrinsic twist along the long fibril axis, with a periodicity of ~83 nm, a value similar to that
reported in other studies for TTR105-115 (95 ± 10 nm).360 On the contrary, the corresponding 2DFFT analysis of the TTR-111DM fibrils indicates that they have no detectable twists or pitches
(Figure 9.17). In this regard, the morphology of the TTR-111DM fibrils resembles that of tape-like
fibrils observed in various amyloid aggregates.382 For example, the AFM image of a tape-like
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fibril formed by apo-α-lactalbumin shows that it has a h of ∼5 nm and a d of ∼26 nm and
exhibits no detectable twists along the fibril axis.383
Hayward and Milner-White have predicted through molecular dynamics simulations that
parallel -sheets tend to assemble into nanotube-like structures.384 Therefore, to provide further
information on the morphology of TTR-111DM fibrils, we examined them using transmission
electron microscopy (TEM). As indicated (Figures 9.18 and 9.19), the TEM images also shows
that this mutant peptide assembles into fibrils that lack the long-range helical twists observed in
TTR105-115 fibrils,360 which have a cross-over distance of ~95 nm. Thus, these results suggest that
the TTR-111DM peptide forms either non-twisting fibrils or fibrils with a twist that is not
detectable by the current method, hence consistent with the AFM result. A closer examination of
the TEM images (Figure 9.19) reveal, however, that the fibril width (9 ± 2 nm) is ~3-5 times
smaller than that determined via AFM measurements. One likely interpretation of this
discrepancy is that the experimental conditions used in TEM measurements (e.g., staining and
vacuum) lead to disassembly of thicker fibrils and convert them into thinner ones. Another
possibility is that the procedures used to prepare AFM samples promote thicker fibril
formation.385 Irrespective of the underlying cause of this discrepancy, the fact that both types of
images show that the TTR-111DM fibrils do not exhibit the commonly observed, long-range
helical twists suggests that conversion of a thinner fibril to a thicker one is through lateral
association of protofilaments without braiding, a mechanism that has been earlier proposed to
explain the formation of flat, tape-like fibrils.383
To ensure that the non-twisting fibril morphology observed in both AFM and TEM
measurements is not due to their special experimental conditions, we used the induced circular
dichroism (ICD) method to further characterize the twist of TTR-111DM fibrils in solution. The
ICD method uses the induced CD signal of an amyloid-bound dye, for example thioflavin T
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(ThT), to characterize the supramolecular chirality of amyloid fibrils. It has been demonstrated
that fibrils with distinct helical twists can display a strong ICD signal in the absorption spectrum
region of the dye.386 As shown (Figure 9.20), in the presence of TTR-111DM peptide, the ThT
fluorescence intensity is significantly increased, indicating of ThT binding to fibrils; however, the
same solution does not show any appreciable ICD signals (Figure 9.20). In agreement with
Loksztejn et al.386 fibrils with periodic twists such as an Aβ16-22 derivative, Aβ16-22F19K*,72 was
also found to have an observable ICD signal (Figure 9.21). Thus, this result corroborates the
notion that TTR-111DM forms fibrils without long-range twists.
All of the experimental results support the notion that the Leu111 to DM mutation in
TTR105-115 significantly changes the fibrilization energy landscape of this short peptide, resulting
in fibrils of different structure and morphology. However, the spectroscopic methods used in this
study do not allow us to assess the detailed molecular arrangements of the peptide molecules in
the fibrils. Nevertheless, based on the IR data, we speculate that the protofibrils formed by TTR111DM could have a structure as depicted in Figure 9.22, where each sheet is a mix of - and sheet characters with the DM sidechains packed between two sheets and hence in a dehydrated
environment. While further studies using high-resolution structural techniques are required to
validate this model, it is nevertheless consistent with the study of Armen et al.,369 which showed,
via MD simulations, that at low pH, an -sheet intermediate is formed in the 105-115 region of
the full-length TTR monomeric protein. Furthermore, the authors postulated that the -sheet may
be an important pathological conformation in neurodegenerative amyloidosis. Incidentally, the
DM mutation used in the current study is similar to that (i.e., Leu111 to Met) found in the fulllength TTR aggregates associated with a Danish variant of familial amyloid cardiomyopathy. 387
Therefore, it would be interesting to explore, in future studies, whether TTR-111DM aggregates
exhibit a stronger toxicity toward human cells.
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9.4 Conclusions
In summary, we have employed a combination of biophysical techniques to characterize the
structural characteristics of the fibrils formed by TTR105-115 and a Leu111 to DM mutant (TTR111DM). We found that the TTR-111DM fibrils exhibit quite unique spectroscopic and
morphological properties: (1) their DM sidechains give rise to a single and narrow IR band at
~1745 cm-1, signifying a rather homogenous fibril population; (2) their amide I′ band consists of a
new pair of strongly coupled peaks; (3) they produce a giant far-UV CD signal; and (4) they have
no detectable pitches, or twists, along the long fibril axis. Taken together, these results not only
indicate that the fibrils formed by TTR-111DM are structurally different from those formed by the
wild-type peptide, but are also, according to previous simulations studies, best explained by a
view that the TTR-111DM fibrils consist of both - and β-sheets. However, it is worth noting that
IR spectroscopy is unable to provide a full atomic view about the fibril structure in question and,
hence, we cannot rule out other interpretations of our spectroscopic results. Nevertheless, because
of the elusiveness of -sheet and its potential role in amyloid diseases, we hope that our work
will inspire further structural studies on the TTR-111DM fibrils, using computational and highresolution structural methods.
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Figure 9.1 A cartoon representation of the TTR105-115 protofibril structure showing the orientation
of Leu111 sidechains (red sticks).
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Figure 9.2 Structure of the TTR105-115 protofibrils, as determined by Fitzpatrick et al., showing
the water density (light red) as well as the Leu111 sidechains (red circles).
Reprinted with permission from Proceedings of the National Academy of Sciences of the United
States of America, (2013) 110, 5468-5473. Copyright (2013) National Academy of Sciences.
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Figure 9.3 Schematic representation the structure of a β-sheets (left) and an α-sheet (right),
showing the orientation of the backbone units as well as the respective backbone-backbone
hydrogen-bonding patterns.
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2 μm
Figure 9.4 AFM image of the fibrils formed by TTR-111DM.
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Figure 9.5 Comparison of the normalized FTIR spectra of TTR105-115 and TTR-111DM fibrils, as
indicated.
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Figure 9.6 2D IR spectrum of TTR105-115 fibrils at waiting time T = 0.
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Figure 9.7 Ester carbonyl vibrational band of TTR-111DM fibrils (blue). Black line is a fit of this
band to a Gaussian function with a μ0 = 1744.8 cm-1 and a bandwidth (FWHM) of 7.2 cm-1.
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Figure 9.8 Normalized ATR-FTIR spectra of TTR105-115 (blue) and TTR-111DM (red) fibrils as
dry films in the amide I′ (left) and amide A (right) band regions. Besides the differences in their
amide I′ bands, as seen in the solution case (Figure 9.5), there are substantial differences in the
amide A band region of the spectra, indicating a change in the N-D stretching vibrations of the
peptides. Additionally, the intensity difference in the ~2575 cm-1 band, which arises from D2O,
indicates that the TTR-111DM fibrils contain more D2O than the TTR105-115 fibrils.
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Figure 9.9 Time-dependent FTIR spectra of TTR-111DM, from 0 to 315 minutes with an interval
of 45 minutes. Shown in the inset are the corresponding spectra in the ester vibrational band
region.
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Figure 9.10 2D IR spectrum in the ester carbonyl band region of TTR-111DM fibrils at waiting
time T = 0.
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Figure 9.11 2D IR spectrum of TTR-111DM fibrils at waiting time T = 0, with red squares
highlighting cross-peaks between the 1662 and 1672 cm-1 bands.
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Figure 9.12 2D IR spectrum in the amide I′ band region of TTR-111DM fibrils at waiting time T
= 0 fs (left) and T = 2000 fs (right), measured with polarization configuration <XXYY>.
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Figure 9.13 CD spectra of TTR105-115 and TTR-111DM fibrils, measured using a sample holder
with a pathlength of 6 μm. The mean residue ellipticity was calculated using the peptide
monomer concentration (4.0 mM).
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Figure 9.14 UV-Vis spectrum of methyl acetate, a model compound for the -DM sidechain,
whose structure is shown.
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Figure 9.15 Far-UV CD spectrum of a monomerized TTR-111DM solution, which is
characterized by a negative band at around 200 nm and hence indicates that the peptide is
disordered. In addition, it shows that unaggregated TTR-111DM monomers do not give rise to an
enhanced CD signal as observed with TTR-111DM fibrils (Figure 9.13).
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Figure 9.16 AFM images of fibrils formed by TTR105-115 (left) and TTR-111DM (right). The width
of the TTR-111DM fibril at the indicated positions is given.
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Figure 9.17 AFM images of TTR105-115 (A) and TTR-111DM (B) fibrils with their respective 2DFFT (B, D). Cuts along the white lines in B and D are shown in Panel E for both fibrils. The
distance between the peaks in E corresponds to the pitch of the fibrils. For the TTR-111DM
fibrils, there is only one peak in E, which means there is no measurable twist in the fibrils. On the
other hand, the TTR105-115 fibrils in E have three peaks at 15.8, 27.3, and 40.0 μm-1, which
corresponds to an average pitch distance of 83 nm.
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Figure 9.18 A TEM image of fibrils formed by TTR-111DM.
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Figure 9.19 TEM image of TTR-111DM fibrils, showing that this peptide forms a tubular
assembly. The diameter of the fibrils are measured based on the arrows shown. The peptide
concentration in this case was 50 μM.
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Figure 9.20 Normalized circular dichroism spectra (A) of TTR-111DM fibrils in presence of THT
and fluorescence spectra (B) of THT solution and TTR-111DM fibrils in presence of THT. The
peptide concentration was 250 μM and the concentration of THT was 500 μM.
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Figure 9.21 Normalized circular dichroism spectra (A) and TEM image (B) of Aβ 16-22F19K*
fibrils in presence of THT. Concentration of peptide was 700 μM.
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Figure 9.22 A proposed structural model, indicating the possible location of the DM sidechains
(red sticks) as well as the -sheet (dashed line) and -sheet (solid line) segments in the protofibril
of TTR-111DM fibrils.
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10 4-Oxoproline as a Site-Specific Infrared Probe: Application to Assess
Proline Isomerization and Dimer Formation
Rachel Abaskharon*, Debopreeti Mukherjee*, and Feng Gai, submitted to Journal of Physical
Chemistry B (April 2019). (*denotes equal authorship)

10.1 Introduction
The functionality of a protein is determined by its structure and dynamics. However, assessing
and understanding the underlying structure-dynamics-function relationship of any protein is not
easy, due to the intrinsic complexity of the problem as well as the limitation of the currently
available experimental techniques. For example, it is difficult, if not impossible, to take snapshots
of key atomic/molecular motions during the course of a protein’s action (e.g., catalysis or folding)
or along a specific ‘reaction’ coordinate, while in the meantime measuring the corresponding
changes in relevant physical and/or chemical properties, such as hydration, electric field, force,
and energy. Therefore, in practice it is necessary to apply the divide-and-conquer approach,
employing multiple techniques and experiments to assess the system of interest from different
angles and perspectives. In this regard, spectroscopic studies of protein structure and dynamics
have capitalized on a wide variety of intrinsic and extrinsic probes, using them to acquire
different types of information. The strategy of utilizing extrinsic probes has been particularly
useful for vibrational spectroscopy,53,70,388,389 since the vibrational signals intrinsic to proteins are
often either insufficient or inadequate to offer the information needed. However, because
incorporation of an external moiety (except isotopic labeling) will unavoidably perturb the native
system in question, effort must be made to minimize such perturbations. For this reason, recent
years have seen an increased interest in the utilization of unnatural amino acid-based (UAAbased) vibrational probes, due to their small size and hence potentially less-perturbative nature. In
specific applications, however, the perturbation is minimized only when the chosen UAA is
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structurally similar to the native amino acid it replaces. Therefore, it is necessary to develop a
diverse set of UAA-based vibrational probes that are analogs of the twenty natural amino acids.
While significant progress has been made in that direction,53,70,388,389 we still lack an UAA that is
suitable to replace proline (Figure 10.1), a special amino acid, for assessing its local environment
via vibrational spectroscopy. Herein, we aim to show that the C=O stretching vibration of 4oxoproline (Pox, Figure 10.1) can be used as an infrared (IR) probe of the local electric field of
proline.
Proline plays an important role in protein structure, dynamics, and function due to its
unique cyclized and rigid structure, where its sidechain is integrated into its backbone unit.390 For
example, (1) proline is a major component of the triple helices in collagen; 391 (2) proline is
frequently found in transmembrane proteins where it is used to introduce a kink in α-helices392 as
well as in intrinsically disordered proteins where proline-rich segments are used to disrupt
structural formation;393 (3) proline is a key component of motifs that specifically recognize
signaling proteins;394 and (4) proline can serve as a protecting osmolyte, helping cells to deal with
various environmental stresses.395 Additionally, the cyclized proline structure also allows for cistrans isomerization along the peptide bond preceding it, which can dictate the rate of protein
conformational transitions.390 Given the importance of proline and the fact that it lacks an
intrinsic vibrational mode that is adequate to probe its structure and local environment, it would
be desirable to find a proline derivative that bears such a vibrational mode. We hypothesize that
Pox is such a derivative because (1) the C=O stretching vibration, such as that of ketone, amide,
and ester, is sensitive to local electrostatic field and hydration,69,396–398 (2) the frequency of this
vibrational mode of cyclic ketones is >1700 cm-1, located in a relatively uncongested region of
the protein IR spectrum,398 and (3) Raines and coworkers399 have shown that in spite of its
electrophilic nature, Pox can replace proline in a collagen mimetic peptide without compromising
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the thermal stability of the corresponding triple helix structure, suggesting that proteins can
tolerate a proline-to-Pox substitution. Moreover, Pox exists in natural compounds, such as
actinomycin (X2 and XAA) isolated from the bacterium Streptomyces chrysomallus.400 To establish
the potential utility of Pox as an IR probe, we examined (1) the solvent dependence of the C=O
stretching vibration of a model compound, 1-methyl-3-pyrrolidinone (1M3P, Figure 10.1), and a
Pox-containing peptide, (2) the correlation between the C=O stretching frequency of 1M3P and
local electric field via molecular dynamics (MD) simulations, and (3) the pH dependence of the
C=O stretching vibration of the free amino acid Pox. As expected, our results corroborate the
notion that the C=O stretching frequency of Pox is a sensitive reporter of its local environment.
Furthermore, to demonstrate its utility, we employed this vibrational mode to assess the
thermodynamics of proline cis-trans isomerization and to probe amino-acid dimer formation in
concentrated proline and glycine solutions.

10.2 Experimental Section
10.2.1 Materials
All materials were used as received. Specifically, 1-methyl-3-pyrrolidinone (97% purity) was
purchased from Sigma-Aldrich, FMOC-L-Pro(4-keto)-OH was purchased from Chem-Impex
International Inc., and 4-oxo-L-proline hydrobromide (90% purity) was purchased from Alfa
Aesar. In addition, methanol (MeOH), acetonitrile (ACN), dimethyl formamide (DMF) and
dimethyl sulfoxide (DMSO) were purchased from Acros Organics, hexanes and diethyl ether
(Ether) were purchased from Fisher Scientific, and deuterium oxide (D2O; 99.96% purity) was
purchased from Cambridge Isotope Laboratories.
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10.2.2 Peptide Samples
All peptides were synthesized using standard FMOC protocols on a Liberty Blue microwave
peptide synthesizer (CEM, NC) and then cleaved from the rink amide resin using a trifluoroacetic
acid (TFA) cleavage cocktail. Crude peptide products were then purified using reverse-phase high
performance liquid chromatography (HPLC; Agilent Technologies, CA) and identified using
liquid chromatography-mass spectrometry (LC-MS; Waters, MA). For each peptide, the purified
product was then dissolved in a 0.01 M DCl solution (in D2O), followed by lyophilization. This
process was repeated at least three times, with the purpose of replacing all exchangeable
hydrogen atoms with deuterium and removing the residual TFA in the sample. Peptide samples
used in the IR measurements were prepared by directly dissolving the lyophilized peptide solids
in D2O, and the final pH of the solution was adjusted by adding an appropriate amount of either a
0.1 M NaOD or 0.1 M DCl solution (in D2O).

10.2.3 Fourier Transform Infrared (FTIR) Measurements
FTIR spectra were collected on a Thermo Nicolet Magna 860 FTIR spectrometer equipped with a
MCT detector (Nicolet, WI) with 1 cm-1 resolution. The detail of the CaF2 sample cell (56 μm
pathlength) was described elsewhere.89 Sample concentrations were ca. 10 mM for 1M3P, 4-5
mM for free Pox (hydrobromide salt), 10-12 mM for KPoxG, and 5-7 mM for GPoxG. All reported
spectra correspond to an average of 256 scans.

10.2.4 Gaussian Calculations
The Gaussian 09 software package was used to optimize the geometry of the GPoxG and KPoxG
peptide systems and to calculate their respective vibrational frequencies in vacuo. The B3LYP
level of theory was used in the 6-31+G(d,p) orbital basis set. The calculated frequencies were

265

scaled by a factor of 0.9632 to yield the reported values.401

10.2.5 Onsager Reaction Field Calculations
For 1M3P, the Onsager reaction field402 associated with a specific solvent was calculated using
the following equation:
2
    2(  1)( n  2) 
FOnsager   30  

2
 a   3(2  n ) 

(10.1)

Here, μ0 is the permanent dipole moment of the solute in the gas phase, a is the radius of the
Onsager cavity, ε is the dielectric constant of the solvent, and n is the index of refraction of the
solute. The ε values used in this study were obtained from reference 1. The other parameters used
here are as follows: n(1M3P) = 1.451 at 20 °C, which was obtained from the website of Sigma
Aldrich, a3(1M3P) = 167 Å3 molecule-1, which was estimated from the van der Waals volume of
1M3P, and μ0(1M3P) = 3.242 D, which was calculated using Gaussian calculations with
B3LYP/6-31+G(d,p) as the basis set.

10.3 Results and Discussion
10.3.1 Dependence of the C=O Stretching Frequency of 1M3P on Solvent
In order to assess the feasibility of using the C=O stretching vibration of Pox as an IR probe of its
local environment, we first performed vibrational solvatochromic measurements 389 on a small
molecule mimic, 1M3P (Figure 10.1). The reasons for choosing this small molecule are two-fold:
(1) it is soluble in both protic and aprotic solvents whereas Pox is not (or has a low solubility in
organic solvents) and (2) it better mimics the Pox residue in a peptide environment than an
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uncapped version would, as its nitrogen is capped by a methyl group. As shown (Figure 10.2), the
C=O stretching vibrational band (frequency and width) of 1M3P exhibits a strong dependence on
solvent. For example, changing the solvent from water to hexane, which has a dielectric constant
of 1.89, leads to a blue-shift of its frequency by ca. 20 cm-1, accompanied by a significant
narrowing of its bandwidth. This result is consistent with the well-known phenomenon that
hydrogen-bonding (H-bonding) interactions between solvent molecules and a C=O moiety could
decrease its stretching frequency and also suggests that the C=O stretching vibration of Pox could
be used as a local hydration probe of proteins. Interestingly, in methanol, 1M3P gives rise to at
least two resolvable C=O stretching bands, suggesting the existence of differently hydrogenbonded (H-bonded) C=O species.69
For a simple vibration, the solvent induced frequency shift is typically modeled in the
framework of Stark effect, which asserts a linear relationship between the vibrational frequency
and the external electric field exerted by the solvent molecules onto the oscillator. 403 To show
whether the C=O stretching vibration of 1M3P exhibits such a dependence,404 we examined the
correlation between its frequency and the Onsager reaction field (FOnsager) of the solvent. Since the
Onsager model does not consider hydrogen bonding interactions, we only analyzed, as previously
done for other IR probes,69 the data obtained in aprotic solvents. As shown (Figure 10.3), the
C=O stretching frequency of 1M3P decreases with increasing the magnitude of FOnsager, exhibiting
a linear trend. However, the linear correlation is not strong, especially for the frequencies
measured in DMSO, DMF, and ACN. We believe that this is due to the molecular structure of
1M3P, which contains a nitrogen (N) atom that, in comparison to other carbon (C) atoms in the
ring, can more strongly interact with the solvent molecules. The effect of such interactions, which
cannot be captured by the Onsager model,402 is a change in the net charge on the N atom, which,
in turn, can affect the local electric field sensed by the C=O group and hence its frequency. As
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discussed below, this notion is further corroborated by other experiments and also Gaussian
calculations.

10.3.2 Dependence of the C=O Stretching Frequency of Pox on pH
Because Pox has low solubility in organic solvent, we used pH as a variable to assess whether its
C=O stretching frequency depends on local electric field. Since the amine and carboxylic acid
groups of an amino acid have very different pKa values, one can use pH to tune the population of
differently charged states (for Pox, these states, referred to as 1, 2, and 3, are given in Figure 10.1).
Therefore, if the C=O stretching vibration of Pox is indeed sensitive to local electric field, we
expect its frequency to exhibit a dependence on pH.
As shown (Figure 10.4), the FTIR spectra of Pox collected at pH 1.0, 3.0, 5.0, 7.0, 9.0 and
11.0 are indeed quite different. Assuming that the pKa values of Pox are similar to those of proline,
which are 1.99 and 10.6 for the carboxyl and amine groups,405 respectively, it is expected that
state 1 is the most populous at pH<2, state 2 is the most populous in the pH range of 2 to 8, and
state 3 is the most populous at pH>9. This information helps determine the assignment of those
peaks in the pH-dependent FTIR spectra of Pox. The spectrum obtained at pH 1.0 contains three
distinct peaks at 1625, 1726, and 1772 cm-1, respectively. It is well known that the carbonyl
stretching frequency of the protonated carboxylic acid group of amino acids is ca. 1730 cm-1.406
Therefore, we assign the 1726 cm-1 band to the carbonyl stretching vibration of the –COOH
group of state 1. This assignment is supported by the fact that in the spectra obtained at pH 3.0
and 5.0, where the concentration of state 1 becomes significantly smaller, the 1726 cm-1 band
disappears. Consequently, the 1770 cm-1 band must arise from the keto group of state 1.
Furthermore, based on a previous study407 that showed that the deformation vibration of the –
NH3+ group of glycine has a frequency of ca. 1615 cm-1, we attribute the 1625 cm-1 band to the –
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NH2+ group in state 1. At pH 3.0 and especially pH 5.0, where state 2 is most populated, we
expect to observe a new band corresponding to the asymmetric carbonyl stretching vibration of its
–COO- group. However, the FTIR spectra collected at these pH conditions consist of only the
1625 and 1770 cm-1 bands, except that the intensity of the 1625 cm-1 band is increased about 3
times. These results indicate that - (1) the ionization status of the carboxyl group of Pox has no
significant effect on the bands arising from the –NH2+ and keto moieties, which is expected as
this group is not an integral part of the ring and is relatively further away, and (2) the –COO- band
of state 2 is also peaked at ca. 1625 cm-1, making it unresolvable from the –NH2+ band. As shown
(Figure 10.4), a further increase in pH leads to the formation of two new bands, at 1588 and 1740
cm-1, respectively, with the concomitant decrease of the 1625 and 1770 cm-1 bands. Considering
the fact that the population of state 3 increases with increasing pH and becomes dominant at pH
11.0, these results indicate that the –COO- and keto bands of state 3 are shifted to 1588 and 1740
cm-1, respectively. In addition, the complete disappearance of the 1625 cm-1 band at pH 11.0
corroborates the notion that the –NH2+ group absorbs at this frequency. Furthermore, and perhaps
more importantly, these results indicate that the charge density on the nitrogen atom in P ox has a
significant effect on the C=O stretching frequency of its sidechain, hence supporting the
aforementioned dependence of this frequency on local electric field. Moreover, the fact that
changing –NH (a neutral moiety) to –NH2+ (a charged moiety) leads to a blue shift of its
stretching frequency is consistent with the aforementioned Onsager field analysis (Figure 10.3).
This is because adding a positive charge at a point below the carbon atom of the C=O group will
effectively reduce the electric field that is exerted on this moiety by the solvent molecules.

10.3.3 The C=O Stretching Frequency of Pox in a Peptide Environment
To further test the utility of Pox as a local IR probe of proline, we studied two tripeptide systems,
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GPoxG and KPoxG. As shown (Figure 10.5), the C=O stretching band of Pox in GPoxG is peaked at
1761.4 cm-1 in D2O, which is shifted to 1779.8 cm-1 in a more hydrophobic solvent,
tetrahydrofuran (THF). These results demonstrate that the environment-dependence of the C=O
stretching vibration of Pox is maintained when it is incorporated in a polypeptide chain, further
validating its applicability as a site-specific IR probe of proline in proteins. As indicated (Figure
10.5), the C=O stretching band of Pox in KPoxG is centered at 1759.5 cm-1 in D2O, which is redshifted from that of GPoxG. This frequency shift manifests a change in the local electric field felt
by the C=O group, induced by the charged -NH3+ group of Lys, and again highlights the
sensitivity of the C=O stretching vibration of Pox to its local environment. In addition, the
direction of the shift indicates that the magnitude of the electric field is increased, consistent with
the positive nature of the Lys sidechain.

10.3.4 Application to Assess Proline cis-trans Isomerization
To validate the utility of Pox as an IR probe, we used it to assess the thermodynamics of its cistrans isomerization in a peptide environment. We chose KPoxG for this purpose based on the
notion that the distance between the positively charged Lys sidechain and Pox will change upon
isomerization, which, in turn, will lead to a change in the local electric field sensed by the keto
group and hence its stretching frequency. As shown (Figure 10.6), increasing the temperature,
which is expected to change the population ratio between the cis and trans conformations, indeed
results in an apparent shift of the C=O stretching band. A more quantitative analysis indicates that
at each temperature the C=O stretching band can be fit by two pseudo-Voigt profiles (Figure
10.7). It is known that for prolines in a peptide environment the trans form is more populated at
low or room temperature.408,409 Therefore, we attribute the low frequency band to the cis
conformer as its intensity increases with increasing temperature. To further substantiate this assi-
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-gnment, we carried out Gaussian frequency calculations in vacuo on KPoxG, where the Lys
sidechain is either charged or neutral. As shown (Table 10.1), in both cases, the carbonyl
stretching frequency of Pox in the cis form is red-shifted from that in the trans form, supporting
the above band assignment. Moreover, in support of our hypothesis, the calculation predicts a
larger frequency shift (i.e., ca. 5 cm-1) upon Pox isomerization in KPoxG when the Lys sidechain is
charged (i.e., K+PoxG). As indicated (Table 10.1 and Figure 10.8), both the calculated and
experimental results obtained with GPoxG provide additional evidence that a charged sidechain
next to Pox will have a more pronounced effect on its local electrostatic environment, since in this
case the C=O stretching frequency exhibits less of a dependence on the configuration of Pox.
Furthermore, an examination of the charges on the O and N atoms of Pox (Table 10.1) suggests
that the larger frequency shift observed for K+PoxG is due to a larger change of the partial charge
on the N atom. Moreover, the finding that a larger positive charge on the N atom gives rise to a
higher carbonyl stretching frequency is consistent with the aforementioned pH-dependent study
on free Pox, which showed that protonation of the –NH group leads to a blue-shift of the
frequency of this vibrational mode.
As indicated (Figure 10.9), the logarithm of the ratio between the integrated areas of the
low-frequency and high-frequency bands exhibits a linear dependence on 1/T. Assuming that the
cross-section of the C=O stretching vibration of Pox is the same for both conformations, this ratio
is effectively the equilibrium constant (Keq) for the trans to cis isomerization process. A linear
regression of the data in Figure 6 yielded a negative slope of 3.94×103 K-1 and an intercept of
12.64. Based on the van’t Hoff equation, the ΔHtrans→cis and ΔStrans→cis values were determined to
be 7.8 kcal mol-1 and 25.1 cal K-1 mol-1, respectively. Using these thermodynamic parameters, we
further calculated the ΔGtrans→cis value to be 0.9 kcal mol-1 at 277 K. A previous study410 on a
pentapeptide (sequence: Ac-Ala-Lys-Pro-Ala-Lys-NH2) showed that the ΔGtrans→cis is 1.4
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the KPoxG peptide is in general agreement with those previous studies, indicating the suitability of
replacing a proline residue with Pox and the applicability of its C=O stretching vibration as a
reporter of proline’s cis-trans isomerization in peptides or proteins.

10.3.5 Application to Detect Amino-Acid Dimer Formation in Solution
Free amino acids, such as proline and glycine, are widely used by plants to deal with stresses.411
In particular, they are used as osmolytes to improve the thermal stability of proteins. 412,413
Therefore, a large number of studies have been dedicated to elucidate the mechanism of action of
these two amino acids. While early studies suggested that at a concentration of 2 M, glycine
cannot form polymeric aggregates414 but proline can,415,416 the most recent ones417–420 suggest that
both glycine and proline are capable of forming small aggregates such as dimers at lower
concentrations. To provide insight into this problem and further demonstrate the utility of the
C=O stretching vibration of Pox, we use it to probe aggregate formation in concentrated proline
and glycine solutions. Our premise is that Pox (in the form of the free amino acid) is able to
provide spectroscopic evidence about the nature of the aggregates formed by these amino acids
by directly participating in the aggregation process, where, as a probe molecule, the concentration
of Pox will be kept low. While it is impossible to determine the structure of the aggregates based
on the C=O stretching frequency of Pox alone, this information is nevertheless sufficient to allow
identification of the underlying mode of interaction. For example, should proline (glycine)
molecules aggregate through dimerization via H-bond formation, as that depicted in several
studies,417–420 we expect to observe a red-shift in the stretching frequency of the C=O oscillator of
Pox in 2.0 M proline (glycine) solution in comparison to that in D2O. This is because in such
dimers the –NH2+ group of Pox would interact with the –COO- group of another amino acid (e.g.,
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proline), effectively decreasing the positive charge density on the N atom of Pox. As discussed
above, such a decrease would result in a decrease in the C=O stretching frequency of P ox. On the
other hand, if the association is initiated through hydrophobic interactions between sidechains, we
expect to observe a blue-shift in the C=O stretching frequency of Pox with respect to the C=O
band of Pox in D2O.
As shown (Figure 10.10), in 2.0 M proline solution (pH = 4.0), the probe molecule, P ox
(25 mM), gives rise to two resolvable peaks, at 1768.2 and 1725.2 cm-1, respectively. The result
obtained in 2.0 M glycine solution (pH = 4.0) is similar, although the lower frequency peak is
shifted to 1734.9 cm-1. In comparison, however, only one peak, at 1769.8 cm-1, is observed for Pox
(25 mM) in D2O (pH = 4.0). Moreover, for the three peaks at ca. 1768 cm-1, the one obtained in
D2O is the most intensive. Therefore, these data indicate that in both 2.0 M proline and glycine
solutions the Pox molecules can sample two distinctly different environments (or two states), with
one being similar or identical to that in D2O (i.e., where Pox exists as a D2O solvated monomer).
Since the other band is shifted to a lower frequency, it suggests, as noted above, that in this case
the –NH2+ group of Pox engages in H-bonding interaction with the –COO- group of another solute
molecule. Therefore, these results are in agreement with previous studies indicating that
association of proline (glycine) molecules occurs through dimerization.417–420
The temperature dependence of the C=O stretching bands of Pox in 2.0 M proline
provides further support of the aforementioned two-state assignment. This is because the intensity
of the low-frequency (high-frequency) band decreases (increases) with increasing temperature
(Figure 10.11), as expected for monomer-dimer equilibrium. As shown (Figure 10.12), the FTIR
spectra can be quantitatively decomposed into two pseudo-Voigt profiles and, similar to the
treatment of the cis-trans isomerization process, the ratio of the integrated areas of these two
pseudo-Voigt bands at a specific temperature is the equilibrium constant of the system at this
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temperature. As expected (Figure 10.13), the corresponding van’t Hoff plot yielded a straight line
with a slope of 1.25×103 K-1 and an intercept of -4.34. Therefore, the ΔH and ΔS values for the
dimerization process are calculated to be -2.6 kcal mol-1 and -8.6 cal K-1 mol-1, respectively. To
the best of our knowledge, the thermodynamics of proline dimerization in aqueous solution has
not been determined before. Therefore, we are unable to compare our result with literature values.
Nevertheless, the ΔH value of -2.6 kcal mol-1 is comparable to those (-1.3 to -4.9 kcal mol-1)
measured for base paring of various nucleobases in protic solvents, which also involves formation
of either two or three H-bonds.421–423 Hence, this thermodynamic analysis adds further evidence to
support the spectroscopic utility of Pox.

10.4 Conclusions
Among the 20 canonical amino acids, proline is unusual because its sidechain is integrated into its
backbone unit. As a result, it often plays a unique role in protein structure, dynamics and function
and hence requires special attention. However, it is difficult to apply IR spectroscopy, a technique
widely used in protein science, to acquire structural or dynamic information specific to a proline
residue in proteins because it does not have a convenient and strong vibrational transition that can
be used to provide such information. Therefore, we explore the applicability of a proline
derivative, 4-oxoproline, as an IR probe. We find that the C=O stretching frequency of this
unnatural amino acid, in either free form or a peptide environment, not only is in an uncongested
region of the protein IR spectrum (i.e., 1720 - 1800 cm-1), but also exhibits a sensitive
dependence on the local electrostatic and hydration environment, indicating that this vibrational
mode can serve as a site-specific IR probe. This notion is further validated in two proof-ofprinciple studies. First, we show that the C=O stretching vibration of 4-oxoproline can be used to
follow the cis-trans isomerization process of proline residues. Second, we demonstrate that this
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vibrational mode is sensitive enough to allow detection of solute dimers formed in concentrated
solution of free amino acids (i.e., proline or glycine).
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Peptide, Pox Configuration
K+PoxG, cis
K+PoxG, trans
trans-cis
KPoxG, cis
KPoxG, trans
trans-cis
GPoxG, cis
GPoxG, trans
trans-cis

Frequency
1795.058
1800.096
5.038
1787.988
1789.308
1.320
1790.126
1790.936
0.809

N Charge
0.106
0.419
0.314
0.126
0.242
0.116
0.073
-0.003
-0.076

O Charge
-0.376
-0.364
0.013
-0.394
-0.382
0.012
-0.381
-0.376
0.006

Table 10.1 Calculated C=O stretching frequency of Pox in different peptides and different
isomeric forms. Also listed are the Mulliken partial charges on the nitrogen (N) and oxygen (O)
atoms of the Pox sidechain.
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Figure 10.1 Structures of 1M3P and Pox at different ionization states, as indicated.
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Figure 10.2 Band area normalized C=O stretching bands of 1M3P in different solvents, as
indicated.

278

1770

Hexane
Ether
ACN
DMF
DMS O

νC=O (cm-1)

1765

1760

1755

1750
-8.0

-7.0

-6.0

-5.0

-4.0

-3.0

-2.0

FOnsager (MV·cm-1)

Figure 10.3 The C=O stretching frequency of 1M3P versus the Onsager reaction field of the
solvent, as indicated. A linear fit of the data yields C═O (cm-1) = 2.38 FOnsager + 1775.1.
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Figure 10.4 FTIR spectra of the free amino acid Pox at different pH values, as indicated.

280

Absorbance (mOD)

1.2
KP
oxG (D 2O )
KD2O
GP
oxG (D 2O)
GD2O
GP
oxG (THF)
GTHF
0.8

0.4

0.0
1720

1740
1760
1780
Wavenumbers (cm-1)

1800

Figure 10.5 Normalized C=O stretching bands of GPoxG in D2O and THF and KPoxG in D2O, as
indicated.
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Figure 10.6 Temperature dependence of the C=O stretching bands of KPoxG in D2O (pH 7.0).
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Figure 10.7 Pseudo-Voigt fits of the C=O stretching bands of KPoxG in D2O (pH 7.0) at different
temperatures, as indicated.
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Figure 10.8 Temperature dependence of the C=O stretching bands of GPoxG in D2O (pH 7.0).
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Figure 10.9 Van’t Hoff plot of the ratio between the integrated areas of the low-frequency and
high-frequency bands (AL/AH) of KPoxG in D2O (pH 7.0). Fitting these data to a straight line
yielded a slope of -3.94×103 K-1 and an intercept of 12.64.

285

Absorbance (mOD)

10
8

Oxoproline
2M Proline in 2M proline
2M Glycinein 2M glycine
Oxoproline
D2O
Oxoproline
in D2O

6
4
2
0
1670

1695

1720 1745 1770
Wavenumbers (cm-1)

1795

1820

Figure 10.10 FTIR spectra of the free amino acid Pox at in D2O (pH 4.0), 2.0 M glycine solution
(pH 4.0), and 2.0 M proline solution (pH 4.0), as indicated. Also shown (dashed lines) are the
FTIR spectra of the corresponding 2.0 M proline and glycine solutions.
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Figure 10.11 Temperature dependence of the C=O stretching bands of the free amino acid P ox in
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Figure 10.12 Pseudo-Voigt fits of the C=O stretching bands of Pox in 2.0 M proline solution (pH
4.0) at different temperatures, as indicated.
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11 Using C≡N Stretching Vibration of Benzonitrile as an Infrared Probe
to Study Hofmeister Ion Effects on Water
11.1 Introduction
Between 1887 and 1898, Franz Hofmeister published a series of seven pioneering articles where
he discussed the effects of salts on various biologically relevant, macromolecular samples that
included studies on egg-white proteins, and colloidal systems.424,425 Based on his observations,
Hofmeister created the following empirical series where cations and anions present in salts were
ranked based on their potential to precipitate out hen egg-white proteins.425
Anions: F- ≈ SO42- > HPO42- > CH3COO- > Cl- >NO3- > Br- > I- > SCNCations: NH4+ > K+ > Na+ > Li+ > Mg2+ > Ca2+
Since then, these studies have been extended to investigate the properties of other systems such
as, membrane proteins, wool and surfactants.426–430 Hofmeister’s rationale to explain the salt
effects were based on the water-absorbing characteristics of the ions present therein.425
Eventually, the model created, discussed the effects of cations and anions on proteins based on
their abilities to interact with water molecules beyond the first solvation shell.425 These ionic
effects could then cause the water structure to be either ordered (kosmotropes) or disordered
(chaotropes).431–435 However, the rationale behind the Hofmeister’s model was ultimately
discarded because it ignored the theoretical and experimental evidence that deemed it impossible
for salts to engage in the long-range ordering of water molecules.436–438 Hence, the reasoning
behind the effect of the Hofmeister ions on protein precipitation is still up for debate. While
extensive studies have been performed to understand the thermodynamic aspects of ion-protein
interactions, including calorimetric measurements performed on proteins in various salt solutions
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439–442

and the interactions of ions with several charged side chains,443 these investigations still

cannot fully explain why the effects of ions on certain proteins either follow or is against the
ranking shown in the Hofmeister series. Hence, more efforts are required to understand not only
the effects of ion-protein interaction, but also those of ion-water interactions in the solution,424,444
as the resultant charge density present on the ions can have a strong impact on the hydrogen
bonding pattern of the local water molecules, even to the extent of changing the viscosity of the
solution.
An earlier computational study by Marcus about the effects of ions on the immediate
solvation shell of water had considerably accounted for the thermodynamics involved in ionwater interactions.445 Nucci et al. had also performed temperature excursion infrared
spectroscopic measurements on a series of salts, where the band corresponding to the hydroxyl
stretch in each infrared (IR) spectrum was quantitatively fitted to a two-state model, each state
corresponding to a particular type of hydrogen bonding (H-bonding) population.446 The analyses
of the resultant fits then yielded the thermodynamic parameters associated with the interactions
present in aqueous salt solutions. Both these studies thus demonstrated the importance of salt
effects on the hydrogen bonding behavior of water and highlighted a correlation that exists
between the ionic effects in aqueous salt solutions and the ordering of ions shown in the
Hofmeister series.445,446
Apart from analyzing the spectroscopic signatures of water in presence of various ions,
another way to examine the ion-water H-bonding interactions is through the addition of a probe in
the aqueous solution. If the probe molecule is infrared active, then for Fourier Transform Infrared
spectroscopic measurements (FTIR), the following criteria should be met by the probe molecule –
1) it should have a vibrational mode that is sensitive to changes in the local hydration
environment, and 2) the vibrational mode under study should be in a non-congested region of the
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FTIR spectrum, in order for the signal to be clearly distinguishable from the rest of the FTIR
bands.53 Therefore, benzonitrile, a hydrogen bond (H-bond) acceptor, is selected as the probe
molecule of choice, because its C≡N (CN) stretching frequency exists in a spectrally noncongested region. Additionally, this vibrational mode is also expected to be sensitive to changes
in hydration, based on previous infrared studies performed on 4-cyanophenylalanine (PheCN), a
structurally similar, unnatural amino acid molecule. Earlier reports suggested that the position of
the frequency of the CN band of PheCN in a polar solvent such as water (2237.2 cm-1) is blueshifted by ca. 9 cm-1, compared to that in a hydrophobic solvent such as tetrahydrofuran (2228.5
cm-1).99 This observation is expected since the CN group of PheCN can form H-bonds with water.
Hence, based on this observation, it is safe to assume that the CN functionality present in
benzonitrile can also serve as an IR probe that is sensitive to hydration, and a blue-shift in the CN
stretching frequency is expected upon H-bond formation.
Here we show that the CN stretching band of benzonitrile (BN) at various temperatures,
in the presence of six different salt solutions (with the same cation, Na +, but different anions), can
be fitted to two Gaussian profiles, where based on previous IR studies on PheCN in protic and
aprotic solvents,99 the band at a higher frequency is assigned to the H-bonded benzonitrile
population, and the other band at a lower frequency is ascribed to the free benzonitrile species.
An earlier study has also demonstrated that the temperature dependence of the nitrile stretching
vibration of PheCN can be utilized to obtain the thermodynamic parameters associated with Hbonding between PheCN and water.89 By performing a similar analysis, the ratio of the integrated
areas of the two benzonitrile CN bands can be used to report on the equilibrium constant
associated with the transition from H-bonded BN to free species, upon assuming that the
absorption cross-section values for the two species are quite similar. For each aqueous salt
solution, we then use the temperature dependence of the equilibrium constant to calculate thermo-

292

-dynamic parameters such as enthalpic, entropic, and free energy changes associated with the
formation of free BN species. Finally, we use these parameters to draw a correlation between the
ordering of the anions in the Hofmeister series, and the thermodynamic effects of these anions on
the ion-water hydrogen bonding status of solutions.

11.2 Experimental section
11.2.1 Materials
Benzonitrile (BN) was purchased from Acros Organics with 99% purity and was used as
received. Sodium thiocyanate (NaSCN), sodium iodide (NaI), sodium bromide (NaBr), sodium
chloride (NaCl), sodium acetate (CH3COONa), and sodium fluoride (NaF) were all purchased
from Fisher Scientific (ACS grade) and were used as received. Millipore water was used to
prepare all the aqueous salt solutions.

11.2.2 Fourier Transform Infrared (FTIR) Spectroscopic Measurements
The sodium salt solutions required for FTIR measurements were prepared at concentrations of 2
M, except for NaF, which was prepared at a concentration of 1 M, as the salt had a lower
solubility. Saturated solutions of BN with concentrations of ca. 42 mM were used for the FTIR
measurements for all six salt solutions. Each of the 50% BN/salt solutions (v/v) was individually
prepared first by vortexing the solution at room temperature, followed by sonication at 35°C. The
samples were then brought back to room temperature and the aqueous layer was used for the
FTIR measurements. The temperature-dependent FTIR spectra were collected using Nicolet iS50
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FTIR spectrometer (Nicolet, WI) at 1cm-1 resolution. In the home-built two compartment sample
cell, the background (aqueous salt solution without BN) and sample solutions (with BN) were
placed between two CaF2 windows of 2 mm thickness each. The two solutions were separated by
a Teflon spacer of 56 μm thickness, thereby allowing subsequent measurements of the sample and
reference spectra. 256 scans were collected for each dataset and the final spectrum was collected
by taking an average of all the scans. Moreover, temperatures in the FTIR sample chamber was
maintained with a thermostatically controlled constantly circulating water bath (Neslab RTE
111).

11.2.3 Fitting procedure
The C≡N stretching bands of BN under different conditions were individually fitted to two
Gaussian functions. The Gaussian fittings of the FTIR bands were performed using the Solver
function from Excel and the equation used for the fitting purpose is shown below.

𝑓(𝑥) = 𝑎𝑒

−

4𝑙𝑛2×(𝑥−𝑏)2
𝑐2

(11.1)

Here, ‘a’ is the peak height, ‘b’ is the center frequency of the peak and ‘c’ is the full width at half
maximum. Baseline correction for each spectrum was also done before analysis, by fitting the
baseline first to a polynomial function of the third order (equation shown below), and then
subtracting the fit from the FTIR spectrum.
𝑔(𝑥) = 𝑚 + 𝑛𝑥 + 𝑝𝑥 2 + 𝑞𝑥 3
In the polynomial equation 11.2, ‘m’, ‘n’, ‘p’, and ‘q’, are constants.
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(11.2)

11.3 Results and Discussion
11.3.1 Peak Fitting of the C≡N Stretching Band of Benzonitrile
Earlier studies by Nucci et al. on the effects of salts on the hydrogen bonding behavior of water,
had shown how the O-H stretching band of water could be deconvoluted into two bands, each
corresponding to a particular H-bonded state, namely, the linear and bent states.446 Since water
itself can be present in two H-bonded states in various salt solutions, it is safe to assume that BN,
in its H-bonded state, can also exist as two populations, each forming H-bonds with either the
linear or the bent H-bonded state of water. Thus, taking the two-state hydrogen bonding model
into consideration and also acknowledging the presence of free, non H-bonded BN species, which
can also be present in the six aqueous salt solutions studied herein, (NaSCN-water, NaI-water,
NaBr-water, NaCl-water, CH3COONa-water, and NaF-water) the FTIR bands corresponding to
the CN stretching vibration of BN, at various temperatures, are all globally fitted to three
Gaussian profiles. However, even after taking the existence of all three BN species into account,
the global fitting procedure still yielded results that are not feasible. This could be possible owing
to the spectral overlap occurring between two out of the three species present, which then made it
hard to deconvolute the FTIR spectra unambiguously into three components. Therefore, to
simplify the matter, the CN stretching bands of BN in all six aqueous salt solutions across the
temperature range, are individually fitted to two Gaussian profiles (Figures 11.1, 11.2, 11.3, 11.4,
11.5, and 11.6) and the peak frequencies obtained from each spectrum are summarized in Tables
11.1, 11.2, 11.3, 11.4, 11.5, 11.6. Based on previous FTIR studies performed on PheCN, in both
water (H-bonding, protic solvent) and tetrahydrofuran (non H-bonding, aprotic solvent),99 the CN
peak found at the higher frequency range (~2239.20 - 2237.23 cm-1) is attributed to the H-bonded
BN species whereas the peak observed at the lower frequency range (~2235.20 - 2233.80 cm-1) is
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assigned to the free BN species.
From the data in Tables 11.1, 11.2, 11.3, 11.4, 11.5, 11.6, for all the aqueous salt
solutions, the peak frequency corresponding to the H-bonded CN is found to decrease with rising
temperature. While this phenomenon can be attributed to a reduced H-bonding strength at higher
temperatures, an unusual behavior is also observed, as the H-bonded CN band gets narrower with
an increase in temperature (Table 11.7). This observation is unexpected, because a rise in
temperature can promote inhomogeneity in the environment around the vibrational mode under
study, and subsequently this should lead to a broadening of the CN band in the FTIR spectrum.89
Thus, the above phenomenon can only be explained by using the aforementioned two-state Hbonding model, where an increment in temperature can result in an interconversion between the
two H-bonded BN species, leading to a decrease in the width (Full-Width Half Maxima or
FWHM) of the overall band, as the population of one species gets reduced. This temperature
dependent characteristic of a H-bonded nitrile species was also observed in an earlier study for
the acetonitrile-water solution,447 and thus it validates the behavior of H-bonded BN.
Unlike the case of H-bonded BN, the FWHM of the free CN band increases or remains
the same for most salt systems, such as NaSCN-water, NaI-water, NaBr-water, and NaCl-water
(Table 11.8), with an increase in temperature, thereby accounting for an inhomogeneous
broadening of the CN band in these salt solutions. The only exceptions to the rule are the two
aqueous solutions of CH3COONa and NaF, where the bandwidth decreases with a rise in
temperature (Table 11.8). While this behavior warrants further investigation as the presence of
more than one kind of free BN species in the solution is not feasible, there is still an explanation
for this observation. The difference between the peak frequencies of free and H-bonded BN at a
higher temperature range (ca. 45 - 50 °C) is greater in the presence of salts such as NaSCN and
NaI (ca. 3.7 cm-1) as compared to that in CH3COONa and NaF (ca. 2.7 cm-1) (Tables 11.1, 11.2,
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11.5, and 11.6). Hence, this demonstrates a possibility of spectral overlap between the bands
corresponding to the free and H-bonded BN species in CH3COONa and NaF solutions, at higher
temperatures, thereby indicating that the free CN peak can have a contribution coming from the
H-bonded CN peak, which consists of two populations.
Furthermore, the rate of change of the bandwidth with a change in temperature for all the
salt solutions is also greater for the H-bonded CN species (ρ) in comparison to that of the free CN
species (), (Tables 11.7 and 11.8). This is in agreement with our previous finding, which stated
that the H-bonded CN band consists of two sub-populations with overlapping spectra, and at
elevated temperatures, the width of the overall band gets narrower with the conversion of one
population to the other.

11.3.2 Thermodynamic parameters extracted from the fitting of the C≡N Band of Benzonitrile
At different temperatures, the integrated area under the two Gaussian fit profiles, for BN, in
presence of various salt solutions, directly report on the population of the H-bonded and free BN
species. Hence, for the equilibrium,
H − bonded CN ⇌ Free CN
the equilibrium constant (𝐾𝐻−𝑏𝑜𝑛𝑑𝑒𝑑→𝐹𝑟𝑒𝑒 ) can be calculated from equation 11.3, provided the
molar

absorptivity

is

the

same

𝐾𝐻−𝑏𝑜𝑛𝑑𝑒𝑑→𝐹𝑟𝑒𝑒 =

for

both

the

H-bonded

and

Integrated area for free CN FTIR band
Integrated area for H−bonded CN FTIR band

the

free

species.
(11.3)

Interestingly, the 𝐾𝐻−𝑏𝑜𝑛𝑑𝑒𝑑→𝐹𝑟𝑒𝑒 values for all the six aqueous salt solutions are found to
increase with a rise in temperature (tables 11.1, 11.2, 11.3, 11.4, 11.5, and 11.6), indicating an
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increase in the population of the free CN species as the H-bonding strength is weakened at higher
temperatures. Moreover, equation 11.4 can also be used to express the free energy difference
(Δ𝐺) between the H-bonded and free species, whereas R is the universal gas constant and T is a
reference temperature.
Δ𝐺 = −𝑅𝑇𝑙𝑛 𝐾𝐻−𝑏𝑜𝑛𝑑𝑒𝑑→𝐹𝑟𝑒𝑒

(11.4)

Additionally, more thermodynamic parameters can be calculated, as the Δ𝐺 associated with the
H-bonded to free species transition can also be defined in terms of the changes in enthalpy (Δ𝐻)
and entropy (Δ𝑆), according to the Gibbs-Helmholtz equation reported below,
Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆

(11.5)

Thus, equating equations 11.4 and 11.5, the following relationship can be established between
𝐾𝐻−𝑏𝑜𝑛𝑑𝑒𝑑→𝐹𝑟𝑒𝑒 and Δ𝐻, Δ𝑆.
𝑙𝑛 𝐾𝐻−𝑏𝑜𝑛𝑑𝑒𝑑→𝐹𝑟𝑒𝑒 =

−Δ𝐻
𝑅𝑇

+

Δ𝑆
𝑅

(11.6)

Here, the enthalpic and entropic changes are assumed to be independent of temperature. By
plotting 𝑙𝑛 𝐾𝐻−𝑏𝑜𝑛𝑑𝑒𝑑→𝐹𝑟𝑒𝑒 vs 1/T for the different salt solutions, and using a linear equation to
fit the resultant plots (R2 > 0.9), the values for Δ𝐻 and Δ𝑆 can be obtained from the slope and the
intercept of the linear fits (Figure 11.7, Table 11.9) respectively. This analysis is called the van’t
Hoff analysis and the free energy values are subsequently calculated at room temperature (25° C)
from equation 11.5 (Table 11.9). For this study, only a temperature range of 4 - 50 °C is taken
into consideration (Figure 11.7), as the van’t Hoff analysis shows non-linearity at higher
temperatures, owing to the temperature dependence exhibited by the heat capacity and enthalpy
of the solution.446
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While the changes in enthalpy, Δ𝐻, for the salt solutions as seen in Table 11.9, are in the
expected range of hydrogen bond energy,446 the positive entropic change, Δ𝑆, follows the trend
NaSCN > NaI > NaBr > NaCl > CH3COONa > NaF. Here, a more positive Δ𝑆 value indicates an
enhancement of the H-bonded network between BN and the water molecules surrounding it, as
the transition in this case is from H-bonded to free BN species. Since an increase in the H-bonded
structure can lead to an improvement in the water solubility of a compound, hence the solubility
of BN in various salt solutions should also follow the same trend as the change in entropy. This
conclusion is in agreement with the solubility trend observed for hydrophobic molecules in the
presence of the various anions shown in the Hofmeister series.424
Furthermore, the positive Δ𝐺 values associated with the H-bonded to free CN transition
at 25 °C, follows the same order as that observed for the change in entropy - NaSCN > NaI >
NaBr > NaCl > CH3COONa > NaF, where the largest positive value is found for NaSCN and the
smallest positive value is observed for NaF. This trend implies that the formation of free BN
species at 25 °C is relatively more spontaneous in the presence of NaF compared to that in
NaSCN and it agrees with the earlier observation where the solubility of BN in NaF (NaSCN)
was found to be the lowest (highest), therefore accounting for the maximum (minimum)
population of free benzonitrile species in solution. It is also agrees with the ordering of the anions
in the Hofmeister series,424 thereby establishing a direct correlation between the trend shown in
the Hofmeister series and the free energy changes related to the formation of free BN species.

11.4 Conclusions
Although understanding the nuances of ion-protein interactions is essential to elucidate the
rationale behind the Hofmeister ordering of ions, these interactions alone will not be able to
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provide a complete mechanistic picture, as certain ion-water interactions, such as H-bonding, also
play an important role in this regard. An earlier infrared study had utilized the hydroxyl stretching
frequency of water to shed some light on the types of hydrogen-bonded water species present in
solution.446 However, instead of studying the changes in the vibrational modes of water in several
aqueous salt solutions, here we show how an external vibrational probe can be used to report on
the hydrogen bonding interactions between anions and water. The nitrile stretching band of
benzonitrile, is found to be quite ideal in this case because of the following reasons. Firstly, this
band under different temperature and salt conditions can easily be fitted to two Gaussian bands,
where the changes in peak frequency, peak width, and the integrated areas of the Gaussian
profiles directly report on the formation of free benzonitrile species from hydrogen-bonded states.
Secondly, the thermodynamic parameters, such as equilibrium constants, enthalpic, entropic and
free energy changes that are calculated from the integrated areas of the Gaussian fits, also show a
clear correlation between the effect of the different anions on these parameters and the ordering
of these anions in the Hofmeister series. Finally, the changes in enthalpy for benzonitrile in the
aqueous salt solutions are in the range of 1 - 2.5 kcal mol-1, which is also equivalent to the energy
required to break a hydrogen-bond in the presence of various salts.446 Hence, this enthalpic
change is correctly attributed to the transition between the hydrogen-bonded and free benzonitrile
species. All of these results taken together thus demonstrate that the nitrile vibration of
benzonitrile, as an infrared probe, can be utilized to clarify the rationale behind the ranking of the
anions in the Hofmeister series.
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Temperature
(°C)
5.9
13.8
20.5
26.8
34.4
43.1
49.9

H-bonded CN
frequency (ν1)
(cm-1)
2239.20
2238.39
2238.38
2238.33
2237.60
2237.50
2237.40

Free CN
frequency (ν1)
(cm-1)
2235.20
2234.89
2234.89
2234.36
2234.30
2234.20
2233.80

Keq
0.40
0.41
0.48
0.52
0.53
0.58
0.74

Table 11.1 Parameters recovered from the fitting of the C≡N stretching band of benzonitrile in
aqueous NaSCN solution and the equilibrium constant (𝑲𝑯−𝒃𝒐𝒏𝒅𝒆𝒅→𝑭𝒓𝒆𝒆) calculated herein.
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Temperature
(°C)
5.9
13.8
20.5
26.8
34.4
43.1
49.9

H-bonded CN
frequency (ν1)
(cm-1)
2239.20
2238.39
2238.38
2238.55
2237.60
2237.50
2237.40

Free CN
frequency (ν1)
(cm-1)
2235.20
2234.89
2234.89
2234.38
2234.30
2234.20
2233.80

Keq
0.41
0.41
0.48
0.52
0.53
0.58
0.70

Table 11.2 Parameters recovered from the fitting of the C≡N stretching band of benzonitrile in
aqueous NaI solution and the equilibrium constant (𝑲𝑯−𝒃𝒐𝒏𝒅𝒆𝒅→𝑭𝒓𝒆𝒆 ) calculated herein.
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Temperature
(°C)
3.8
12.2
20.1
27.3
36.3
45.3

H-bonded CN
frequency (ν1)
(cm-1)
2238.84
2238.60
2238.36
2238.47
2237.97
2237.29

Free CN
frequency (ν1)
(cm-1)
2235.48
2235.27
2235.16
2234.88
2234.49
2234.56

Keq
0.39
0.43
0.48
0.57
0.65
0.66

Table 11.3 Parameters recovered from the fitting of the C≡N stretching band of benzonitrile in
aqueous NaBr solution and the equilibrium constant (𝑲𝑯−𝒃𝒐𝒏𝒅𝒆𝒅→𝑭𝒓𝒆𝒆 ) calculated herein.
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Temperature
(°C)
4.3
11.7
20.2
28.6
37.5
47.0

H-bonded CN
frequency (ν1)
(cm-1)
2238.46
2238.18
2237.49
2237.59
2237.22
2236.43

Free CN
frequency (ν1)
(cm-1)
2235.73
2235.63
2235.24
2235.10
2234.81
2234.48

Keq
0.33
0.36
0.40
0.47
0.50
0.47

Table 11.4 Parameters recovered from the fitting of the C≡N stretching band of benzonitrile in
aqueous NaCl solution and the equilibrium constant (𝑲𝑯−𝒃𝒐𝒏𝒅𝒆𝒅→𝑭𝒓𝒆𝒆 ) calculated herein.
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Temperature
(°C)
5.9
13.6
21.2
28.6
36.8
45.8

H-bonded CN
frequency (ν1)
(cm-1)
2238.70
2238.70
2238.00
2237.61
2237.39
2237.23

Free CN
frequency (ν1)
(cm-1)
2235.90
2235.30
2235.14
2234.91
2234.78
2234.42

Keq
0.39
0.42
0.42
0.45
0.48
0.52

Table 11.5 Parameters recovered from the fitting of the C≡N stretching band of benzonitrile in
aqueous CH3COONa solution and the equilibrium constant (𝑲𝑯−𝒃𝒐𝒏𝒅𝒆𝒅→𝑭𝒓𝒆𝒆) calculated herein.
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Temperature
(°C)
4.2
12.0
21.3
29.8
38.9
47.9

H-bonded CN
frequency (ν1)
(cm-1)
2239.00
2238.90
2238.80
2238.00
2237.49
2237.45

Free CN
frequency (ν1)
(cm-1)
2235.94
2235.80
2235.00
2235.00
2234.75
2234.74

Keq
0.52
0.57
0.62
0.62
0.67
0.74

Table 11.6 Parameters recovered from the fitting of the C≡N stretching band of benzonitrile in
aqueous NaF solution and the equilibrium constant (𝑲𝑯−𝒃𝒐𝒏𝒅𝒆𝒅→𝑭𝒓𝒆𝒆) calculated herein.
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Salt
solutions
in water
NaSCN
NaI
NaBr
NaCl
CH3COO
Na
NaF

Initial
Temperature
(Ti)
(°C)
5.9
5.9
3.8
4.3
5.9

Final
Temperature
(Tf)
(°C)
49.9
49.9
45.3
47.0
45.8

Width of
band for Hbonded CN
at Ti (WTi)
(cm-1)
19.8
19.8
19.6
19.8
19.6

4.2

47.9

21.4

Width of
band for
H-bonded
CN at Tf
(WTf)
(cm-1)
18.6
19.2
18.8
17.6
17.2

Difference
in width of
two bands
(WTi - WTf)
(cm-1)
1.2
0.6
0.8
2.2
2.4

Rate of
change
in width
of band
(ρ)
(cm-1/°C)
0.027
0.014
0.019
0.052
0.060

17.4

4.0

0.092

Table 11.7 Parameters recovered for H-bonded CN from the fitting of the CN stretching band of
benzonitrile in aqueous salt solutions.
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Salt
solutions
in water
NaSCN
NaI
NaBr
NaCl
CH3COO
Na
NaF

Initial
Temperature
(Ti)
(°C)
5.9
5.9
3.8
4.3
5.9

Final
Temperature
(Tf)
(°C)
49.9
49.9
45.3
47.0
45.8

Width of
band for
free CN
at Ti (WTi)
(cm-1)
7.6
7.8
7.8
7.6
8.0

4.2

47.9

7.8

Width of
band for
free CN at
Tf (WTf)
(cm-1)
8.4
8.4
7.8
7.6
7.4

Difference
in width of
two bands
(WTi - WTf)
(cm-1)
-0.8
-0.8
0.0
0.0
0.6

Rate of
change
in width
of band
()
(cm-1/°C)
0.018
0.018
0.000
0.000
0.014

7.2

0.6

0.014

Table 11.8 Parameters recovered for free CN from the fitting of the CN stretching band of
benzonitrile in aqueous salt solutions.
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Salt solutions
NaSCN-water
NaI-water
NaBr-water
NaCl-water
CH3COONa-water
NaF-water

ΔH (kcal mol-1)
2.399
2.321
2.299
1.529
1.214
1.205

ΔS (cal K-1 mol-1)
3.639
3.237
3.245
1.703
1.235
1.529

ΔG (kcal mol-1) at 25 °C
1.315
1.356
1.332
1.022
0.846
0.749

Table 11.9 Thermodynamic parameters of benzonitrile associated with the H-bonded CN ⇌ Free
CN equilibrium in six different aqueous salt solutions.
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Figure 11.1 FTIR spectra of BN in aqueous solution of 2 M NaSCN at different temperatures, as
indicated. Each FTIR spectrum is fitted to two Gaussian bands, where the band at the higher
wavenumber represents the H-bonded BN species, whereas the band at the lower wavenumber
represents the free BN species.
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Figure 11.2 FTIR spectra of BN in aqueous solution of 2 M NaI at different temperatures, as
indicated. Each FTIR spectrum is fitted to two Gaussian bands, where the band at the higher
wavenumber represents the H-bonded BN species, whereas the band at the lower wavenumber
represents the free BN species.
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Figure 11.3 FTIR spectra of BN in aqueous solution of 2 M NaBr at different temperatures, as
indicated. Each FTIR spectrum is fitted to two Gaussian bands, where the band at the higher
wavenumber represents the H-bonded BN species, whereas the band at the lower wavenumber
represents the free BN species.
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Figure 11.4 FTIR spectra of BN in aqueous solution of 2 M NaCl at different temperatures, as
indicated. Each FTIR spectrum is fitted to two Gaussian bands, where the band at the higher
wavenumber represents the H-bonded BN species, whereas the band at the lower wavenumber
represents the free BN species.
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Figure 11.5 FTIR spectra of BN in aqueous solution of 2 M CH3COONa at different
temperatures, as indicated. Each FTIR spectrum is fitted to two Gaussian bands, where the band
at the higher wavenumber represents the H-bonded BN species, whereas the band at the lower
wavenumber represents the free BN species.
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Figure 11.6 FTIR spectra of BN in aqueous solution of 2 M NaF at different temperatures, as
indicated. Each FTIR spectrum is fitted to two Gaussian bands, where the band at the higher
wavenumber represents the H-bonded BN species, whereas the band at the lower wavenumber
represents the free BN species.
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Figure 11.7 Plot of 𝒍𝒏 𝑲𝑯−𝒃𝒐𝒏𝒅𝒆𝒅→𝑭𝒓𝒆𝒆 vs 1/T for BN in the various salt solutions, as indicated.
Each plot is fitted to a linear equation and 𝚫𝑯 and 𝚫𝑺 values are calculated from the slope and
intercept of the linear fits respectively.
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12 Summary and Future Directions
In order to individually dissect the wide range of conformational fluctuations occurring within
proteins, site-specific reporters are needed that can probe protein dynamics across various
timescales. Unnatural amino acids (UAAs) belong to one such category of site-specific probes
that are important owing to - 1) their ease of incorporation and minimally perturbative nature
when inserted in a protein, and 2) their improved spectroscopic characteristics that can be utilized
to investigate not only proteins but other structurally heterogeneous system such as aqueousorganic binary mixtures. The overarching aim of this thesis is to employ the electronic and
vibrational properties of UAAs in conjunction with spectroscopic techniques such as infrared,
circular dichroism and fluorescence spectroscopy to gain insights into the structure and dynamics
of both folded and misfolded proteins on one hand and the microheterogeneity present in
aqueous-organic binary mixtures on the other. Below we discuss the role of the spectroscopic
probes that have been studied herein and the applications of these unnatural amino acid based
probes that can be pursued in the future.
In Chapter 3, using steady state and time-resolved fluorescence measurements, we
demonstrated the potential of 5-cyanotryptophan (TrpCN) as a sensitive, site-specific probe
capable of reporting on the hydration status of proteins. We reached this conclusion, since the
fluorescence quantum yield of TrpCN increased by a factor of 10 upon changing the solvent from a
polar system such as water to a hydrophobic solvent system such as 1,4-dioxane. Finally we
utilized TrpCN successfully as a fluorophore in investigating the following 3 systems - 1) probing
an aqueous-organic binary mixture, 2) interrogating the binding process of a lipid membrane and
an anti-microbial peptide and 3) to probe the hydration environment in a mini, folded protein. In
future, once the TrpCN incorporation method, such as amber codon suppression, is optimized in
larger proteins, it can then be employed to selectively replace the tryptophan residues present in
317

biologically important sites with TrpCN in a structure-conserving manner. This will enable TrpCN
to probe protein assembly, interactions of metal ions with proteins and anchoring of membrane
peptides. Moreover, it will also be interesting to see if TrpCN can serve as a donor in fluorescence
resonance energy transfer experiments along with Coumarin-based dyes as acceptors, as the
decrease in fluorescence intensity of TrpCN can then be utilized to measure local interactions
within proteins.
In Chapter 4, we discussed how the circular dichroism signals arising from exciton
coupling of a pair of nitrile containing UAAs such as, TrpCN and 4-cyanophenylalanine (PheCN),
can be used to probe separation distances within peptides of both α-helical and β-hairpin
conformations. In particular, a pair of TrpCN residues is extremely useful, as the coupling band is
significantly red-shifted from the common circular dichroism bands arising from backbone
electronic transitions in proteins. Since the magnitude and sign of the exciton coupling signal
depends on the distance and orientation of two chromophores, henceforth the incorporation of
pairs of TrpCN or PheCN in select regions of a protein, can serve as markers for short distances
(within 10 Å). This will not only enable these UAAs to be utilized to monitor the local tertiary
structure of a protein, but TrpCN and PheCN can also be employed to report on the site-specific
conformational changes occurring within a protein.
In Chapters 5 and 6, we further expanded upon the infrared properties of TrpCN and
PheCN, by using the nitrile stretching bands of these probes, to comprehend the mechanisms of
action of denaturants, both ionic (guanidinium and tetrapropylammonium) and non-ionic (urea
and its methylated derivatives). In Chapter 5, by using linear and two-dimensional infrared (IR)
techniques, we showed that tetrapropylammonium, unlike guanidium, preferentially interacts with
aromatic amino acid side chains present in a peptide. While at lower concentrations the
accumulation of tetrapropylammonium near aromatic residues caused a peptide fold to be stable,
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at concentrations greater than 1.3 M, the tetrapropylammonium ions aggregate to create an
environment that depending on peptide sequences, can either disrupt hydrophobic interactions or
cause a peptide to fold into an α-helix. The mechanism of action of guanidinium ions in
denaturing a protein, however, is not fully understood from this work, since aromatic amino acid
based probes, which do not preferentially interact with guanidinium, have been utilized here. As
guanidinium is one of the most commonly used protein denaturants, it is imperative to investigate
whether it can affect protein stability through preferential interactions with the backbone or
through interactions with charged side chains. Therefore, future work can encompass the insertion
of non-aromatic, infrared active UAAs such as - 1) the methyl ester of aspartic/glutamic acid (to
probe interactions of guanidinium with charged side chains) or 2) amino acids with an isotope
labeled backbone (to monitor backbone-guanidinium interactions), in proteins, to obtain
mechanistic information about guanidinium led protein denaturation.
In Chapter 6, we discussed the following findings - 1) methylation of urea results in
increased interactions between the urea derivatives and the aromatic side chains, especially
tryptophan, with tetramethylurea showing the most pronounced effect, and 2) upon using the
carbonyl stretch of the methyl ester of glutamic acid (EM), a polar UAA based infrared probe, we
found that although urea and tetramethylurea does not accumulate near polar side chains, the
presence of tetramethylurea decreases the number of hydrogen bond donors around the EM
sidechain. We further corroborated our findings through MD simulations and in conclusion, we
demonstrated that methylation of urea can increase preferential interactions between the
denaturant molecules (urea derivatives) and aromatic side chains. All of these results reveal
insightful information about the important roles that unnatural amino acids play in investigating
the behavior of cosolvents. These studies pave the way for future investigations involving TrpCN
and PheCN to report on the mechanisms of action of several naturally occurring protein stabilizers
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such as, glycine and its methylated derivatives, proline, sucrose, arginine, and sorbitol.
Earlier studies on cyanotryptophan derivatives such as 6-cyanotryptophan and 7cyanotryptophan, has demonstrated how the fluorescence properties of these molecules change
depending on the positioning of the nitrile group in the indole side chain. Therefore, in Chapter 7,
we initially discussed a fluorescence-based solvent study on all the cyanoindole derivatives (side
chains of cyanotryptophan residues) and through steady state and fluorescence lifetime
measurements, we showed the importance of 7-cyanoindole as a sensitive probe, capable of
monitoring subtle changes in the local hydration status. Not only can 7-cyanoindole be selectively
excited at 308 nm, even in the presence of other fluorophores, but the fluorescence lifetime of the
molecule also increases by a factor of 7 upon changing the environment from a protic solvent
such as water to an aprotic solvent, namely dimethyl sulfoxide (DMSO). This finding led us to
study the heterogeneity present in aqueous-organic binary mixtures, as described in Chapter 8.
Chapter 8 highlighted the applications of 7-cyanoindole as a hydration probe and how its
photophysical properties such as fluorescence intensity, emission maximum, and fluorescence
lifetime were effectively used to study the microheterogeneities present within nine aqueousorganic binary mixtures, each having important roles in enzymology, cryoprotection and
catalysis. In future, the fluorescence properties of 7-cyanoindole can be further utilized to study
other heterogeneous environments and the interactions present therein. These interactions can be
important either from - 1) a biological standpoint, such as osmolyte-protein interactions that
encompasses interactions between 7-cyanotryptophan containing proteins and osmolytes, or 2) a
commercial point of view, such as heterogeneous interactions present in aqueous-organic ternary
mixtures. Since the nitrile vibration of tryptophans can serve as local infrared probes, it would be
useful to first understand the infrared characteristics of 7-cyanotryptophan, and then employ it, in
conjunction with its fluorescence properties, to get a detailed insight into the interactions present

320

in heterogeneous systems.
In Chapter 9, we showed how upon incorporation of an UAA, such as the methyl ester of
aspartic acid (DM), in TTR105-115, a segment of the transthyretin protein responsible for
amyloidogenic diseases, led to the creation of a peptide that has a unique structure and
morphology, upon aggregation. The aggregated peptide was found to contain α-sheets, an elusive
secondary structure, coexisting along with β-sheets, a secondary structure commonly found in
amyloid fibrils. In addition, the fibrils formed by the mutant peptide formed unique spectroscopic
signatures, for instance - 1) a large exciton coupling band (CD), and 2) an amide I IR band that
constitutes four definite peaks. Besides, the TTR-111DM peptide can serve as an important model
system to understand whether or not α-sheets can be a pathologically important conformation in
amyloidosis, since the DM side chain is structurally similar to the methionine variant of TTR105-115
(leucine residue at position 111 mutated to methionine), which is responsible for the Danish
variant of familial amyloid cardiomyopathy. Therefore, high-resolution techniques along with
computational studies can be used to further investigate the structural details of the TTR-111DM
peptide.
In Chapter 10, we present 4-oxoproline, an analogue of the canonical amino acid, proline,
as we demonstrated how the carbonyl vibrational mode of 4-oxoproline can be utilized as an IR
probe to interrogate the local electrostatic environment. Moreover, we employed 4-oxoproline to
monitor the thermodynamics associated with proline cis-trans isomerization reactions by
incorporating the probe in smaller peptides. The importance of 4-oxoproline as a stand-alone
reporter molecule, was also validated through the investigation of dimer formation in
concentrated solutions of amino acids, namely proline and glycine. Although proline is a
biologically important amino acid with proline-rich motifs having roles to play in collagen
structure, protein signaling, and protein function, it has been impossible to employ proline as a
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site-specific IR probe due to the lack of a vibrational mode that can be used to sensitively probe
the local environment. Thus, future studies involving the incorporation of 4-oxoproline in prolinerich domains, can shed some light regarding the changes in the local electrostatic field occurring
in these regions.
In Chapter 11, we performed temperature-dependent IR measurements utilizing the nitrile
vibration of benzonitrile, a molecule structurally similar to the commonly used UAA, 4cyanophenylalanine. Benzonitrile was added to a series of six aqueous salt solutions having the
same cation (Na+) but different anions (SCN-, I-, Br-, Cl-, CH3COO-, and F-), and the IR spectra
for each of these solutions were measured at a range of temperatures. The nitrile stretching
frequency of benzonitrile was thus used as a probe to report on the anion-water interactions, and
this was done by deconvoluting the nitrile band obtained from each dataset into two Gaussian
bands. The band at the higher frequency was attributed to the hydrogen bonded benzonitrile
population, while the band at the lower frequency was assigned to free benzonitrile species. From
the integrated area of these two bands, the equilibrium constant associated with the transition
between the hydrogen-bonded and free benzonitrile species, and changes in other thermodynamic
parameters, such as enthalpy, entropy and free energy, were then calculated. The thermodynamic
trend corresponding to the benzonitrile-water hydrogen bonding interactions, in the presence of
anions obtained herein, matched the ordering of the anions based on their protein precipitating
abilities, as shown in the Hofmeister series. Hence, in future, the nitrile stretching frequency
benzonitrile can be employed to probe the effect of cations on the hydrogen bonding behavior of
water, and thus can finally be utilized to understand the mechanistic rationale behind the ordering
of cations in the Hofmeister series.
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